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s u M M A R Y
The in te r a c t io n  o f  E. c o l i  DNA dependent RNA polym erase w ith  
n u c le ic  a c id s  was s tu d ie d  by chem ical m o d if ic a tio n  o f  both  th e  enzyme and 
DNA. Chemical m o d if ic a tio n  re q u ire s  la rg e  q u a n t i t ie s  o f  a  pure  
homogeneous p re p a ra t io n  o f  a p r o te in .  Core ensjTne was p u r i f i e d  from up
to  1 kg o f  E. c o lis  i n  y ie ld s  o f  about 10 mg per 100 g c e l l s ,  and to  95 ^
p u r i ty .  Gore -enzyme was used because i t  i s  th e  s im p le s t a c t iv e  form, w ith  
most o f  th e  p r o p e r t ie s ,  o f th e  com plete enzyme.
Work on th e  b in d in g  o f  s y n th e t ic  p e p tid e s  and p ro te in s  to  n u c le ic  
a c id s  su g g es ts  th a t  try p to p h an  and ty ro s in e  form s ta c k in g  in te r a c t io n s  
w ith  n u c le ic  a c id  b a se s , and th a t  ly s in e  in te r a c t s  i o n ic a l ly .  N- 
brom osuccinim ide was used to  modify th e  tryp tophan  and ty ro s in e  groups o f  
RNA po lym erase . A 30 fo ld  m olar excess o f  re a g e n t ra p id ly  and com pletely  
in a c t iv a te d  th e  enzyme. The m o d if ic a tio n  re s u l te d  in  o x id a tio n  o f  1 -  2
try p to p h an s and 8 ( - 2 )  c y s te in e s , lo s s  o f 9 ^  o f th e  p ro te in
f lu o re sc e n c e , and no lo s s  o f  o v e r a l l  s t r u c tu r e  (a s  judged by th e  
a c c e s s ib i l i t y  o f  t h i o l s  to  re a c t io n  w ith  5> 5 -  d i th io b is (2 - n i t ro b e n z o ic  
a c id ) .  S u b s tra te s  d id  n o t p r o te c t  a g a in s t  in a c t iv a t io n .  The o x id a tio n  
o f  8 t h i o l s ,  which accounted  f o r  up to  40 % o f  th e  in a c t iv a t io n ,  ims 
l im ite d  to  4 t h i o l s  and 10 % in a c t iv a t io n  by r e v e r s ib ly  p ro te c t in g  th e  
su rfa c e  SH groups w ith  5, 5 '- d i th io b is ( 2 - n i t r o b e n z o ic  a c id ) .  In a c t iv a t io n  
o f  p ro te c te d  enzyme re q u ire d  a 30 fo ld  m olar excess o f N-bromosuccinimi.de, 
and le d  to  a  lo s s  o f 11 % o f  th e  p ro te in  f lu o re sc e n c e , and no change (< 2 $ ) 
in. th e  o v e r a l l  conform ation  (a s  judged by f a r  u l t r a v i o l e t  c i r c u la r  
d ic h ro ism ), /imino a c id  c inaly sis  showed th a t  between 3 and 6 ty r o s in e s ,  and 
no m eth ion ines ( -2 )  o r  h i s t id in e s  ( -5 )  were o x id is e d . The e r r o r  in  
d e te rm in in g  try p to p h an  ( -2 )  was to o  la rg e  to  d e te c t  th e  oxi.datlon  
p re v io u s ly  observed  by e x t in c t io n  changes.
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stacking o f aromatic amino acids with n u cleic acid  bases woilLq
c o n tr ib u te  to  th e  b ind ing  energy to  DNA and n u c le o t id e s , and would he lp
unwind th e  double h e l ix ,  N-brom osuccinimide in a c t iv a t io n  o f  t h i o l
p ro te c te d  RNA polym erase r e s u l te d  in  no d ecrease  in  DNA b ind ing  a c t i v i t y
(a s  judged by s a l t  e lu t io n  from DNA a g a ro se ) , and no lo s s  in  ATP b indJng ,
No d if fe re n c e  in  in a c t iv a t io r f  was observed when assayed  w ith  n a t iv e  and
den atu red  DNA, and in a c t iv a t io n  was a ls o  independen t o f  th e  i n i t i a t i o n
circum venting  d in u c le o tid e  G-A, su g g es tin g  th a t  th e  m ajor cause o f
in a c t iv a t io n  was n o t lo s s  o f  unwinding o r i n i t i a t i n g  a c t i v i t y .  F u r th e r
work i s  re q u ire d  to  re so lv e  th e  cause o f  in a c t iv a t io n .
M ethyl- [^^C] a c e tim id a te  m o d if ic a tio n  o f  50 ly s in e s  r e s u l te d  in
complete in a c t iv a t io n  o f  core  enzyme. Both p u rin e  n u c leo s id e
tr ip h o sp h a te s  and den atu red  DNA p ro te c te d  a g a in s t  in a c t iv a t io n ,  ATP, GTP,
GTP, and d en a tu red  DNA to g e th e r  r e s u l te d  in  maximal p ro te c t io n  a g a in s t
in a c t iv a t io n ,  and p ro te c t io n  o f about 8 ly s in œ  a g a in s t  m o d i.f ica tio n .
S ince am id in a tio n  should  n o t d is ru p t  io n ic  in te r a c t io n s  g re a t ly ,  ly s in e
may have a n o th e r r o le  in  RNA poljm ierase. P ro te c t io n  a g a in s t  in a c t iv a t io n
-f"was used  to  o b ta in  a d is s o c ia t io n  c o n s ta n t o f 80 -  20 pM fo r  denatu red  
DNA from core enzyme.
The k in e t ic s  o f  form aldehyde m e ltin g  o f  DNA was s tu d ie d  as a probe o f 
protein-DNA in te r a c t io n s .  The k in e t ic  a n a ly s is  o f  T rifonov  e t  a l .  (1968) 
d id  n o t ad eq u a te ly  d e sc r ib e  th e  unwinding o f th e  sm all, d o u b le -h e lic a l ,
DNA from phage T?> d e s p ite  ta k in g  p re c a u tio n s  in  th e  expei’in ie r ta l  
te c h n iq u e s . C a lf thymus DNA, and c a l f  thymus DNA w ith  n u c leo s id e  
tr ip h o sp h a te s  and low c o n ce n tra tio n s  o f  holoenzyme, gave in te r p r e ta b le  
k in e t i c s .  However th e  shortcom ings o f c a l f  thymus DNA as  a te m p la te , 
and th e  d i f f i c u l t i e s  m th  ex p la in in g  th e  k in e t ic s  w ith  la r g e r  
co n c e n tra tio n s  o f enzyme, and ivith T? DNA, d e t r a c t  from th e  method as a 
probe o f Rî'îA polym erase -  DNA in te r a c t io n s .
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I N T R O D U C T I O N  .
IJ. GENERAL CONSIDERATIONS.
The a c c u ra te  in h e r i ta n c e  o f th e  g e n e tic  m essage, and i t s  c o r re c t  
in te r p r e ta t io n ,  r e s u l t s  from re c o g n itio n , on th e  one hand between n u c le ic  
a c id s ,  and on th e  o th e r  between n u c le ic  a c id s  and p r o te in s .  Although i t  
i s  tw enty-tw o y ea rs  s in c e  i t  was r e a l i s e d  th a t  a c c u ra te  re c o g n itio n  
between n u c le ic  a c id s  r e s u l t s  from p a ir in g  between i t s  monomer u n i ts  
(Watson & C rick , 1953), no such p r in c ip le s  have y e t  emerged fo r  th e  
re c o g n itio n  between p ro te in s  and n u c le ic  a c id s ,  Tliis i s  no doubt due 
to  th e  g re a t  range o f  such in te r a c t io n s ,  a t  a l l  le v e l s  o f  t h e i r  
o rg a n is a tio n , and w ith  v a ry in g  degrees o f s p e c i f i c i t y .
N ucleic  acid, s t r u c tu r e  can be c l a s s i f i e d  acco rd in g  to  i t s  le v e l  
o f  o rg a n is a tio n , in  a manner analogous to  th a t  used fo r  p ro te in s  (M ahler 
fit Cordes, 1966), The p rim ary  s t r u c tu r e  i s  defin ed  a s  i t s  sequence, and 
th e  secondary s t r u c tu r e  as th e  W atson-Crick h e l ic e s .  The W atson-Crick 
h e l ic e s  a re  a r e p e t i t iv e  pack ing  o f  monomer u n i t s ,  and a re  in  tu rn  a 
packing  u n i t  f o r  th e  th re e  d im ensional s t r u c tu r e .  The t e r t i a r y  s t r u c tu r e  
would th en  be th e  th re e  d im ensional o rg a n is a tio n  o f secondary  s t r u c tu r e ,  
e .g .  th e  fo ld in g  o f th e  arms o f  t-RNA (Kim e t  a d , ,  1974j R obertas e t  
a l . . 1974), th e  s u p e rc o ilin g  r e s u l t in g  from a f ix e d  unwinding o f th e  
W atson-Crick h e l ic e s  (which may r e s u l t  in  a r e p e t i t i v e  o r more complex 
s t r u c tu r e ) ,  and th e  "nucleosome" o f  th e  chromosome (Oudet e t  1975).
A mechanism by which th e  W atson-Crick h e l ix  may be fo ld e d  has been 
d e sc rib e d  by C rick  & Klug (1975). A h ig h e r s t r u c tu r a l  o rd e r  (q u a te rn a ry  
s t r u c tu r e )  r e s u l t s  from a packing  o f t e r t i a r y  s t r u c tu r e  u n i t s ,  as fo r  
example th e  two RNA su b u n its  o f  th e  ribosom e, and th e  pack ing  o f 
nucleosomes in  th e  chromosome, A zero  o rd e r s t r u c tu r e  can be d e fin ed  as 
th e  monomer u n i t ,  th e  n u c le o t id e .
In te r a c t io n s  between n u c le ic  a c id s  and p ro te in s  can be d is tin g u is h e d  
a t  a l l  le v e l s  o f  t h e i r  o rg a n is a t io n , from in te r a c t io n s  between t h e i r
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monomer u n i t s ,  t o  in te r a c t io n s  between t h e i r  q u a te rn a ry  s t r u c tu r e s .  The 
p rim ary  and secondary s t r u c tu r e s  o f  n u c le ic  a c id s  may have d ire c te d  th e  
p rim ary  and secondary s t r u c tu r e s  o f p ro te in s  in  e v o lu tio n  (B lack & O rgel, 
1975; G arte r & K rau t, 1974), w h ils t  in  nucleosomes and ribosom es p ro te in s  
and n u c le ic  a c id s  i n t e r a c t  to  g en e ra te  t h e i r  te r* tia ry  s t r u c tu r e .  P ro te in s  
can re co g n ise  a l l  le v e l s  o f  o rg a n is a tio n  o f  a n u c le ic  a c id .  G lutam ate 
dehydrogenase and DNA polym erase re co g n ise  n u c le o t id e s , whereas l a c  
re p re s s o r  and r e s t r i c t i o n  endonuclease can re c o g n ise  a s p e c if ic  
sequence. RNA ase  111, p a n c re a tic  RNA ase  and T4 gene 32 p r o te in  can 
reco g n ise  th e  p resen ce  o f secondary  s t ru c tu re  ( i . e .  he3.ix o r  c o i l  fo rm s), 
Amino-acyl tRNA sy n th e ta se s  re c o g n ise  th e  common t e r t i a r y  s t r u c tu r e  
which appears to  be p re s e n t in  a l l  tRNAs (Kira e t  a l . , 1974), a lth o u g h  
d is c r im in a tio n  between tltNAs i s  a p o o rly  u n derstood  p ro c e ss . DNA- 
dependent RNA polym erase re c o g n ise s  a l l  le v e l s  o f  o rg a n is a tio n  o f  a 
n u c le ic  a c id .  This enzyme b inds n u c le o t id e s , lo c a te s  sequences to  s t a r t  
and stop  RNA ch a in  grow th, c a ta ly s e s  th e  h e l ix - c o i l  t r a n s i t i o n ,  
re c o g n ise s  prom inent s t r u c tu r a l  f e a tu re s  o f DNA i n  lo c a t in g  prom oter 
re g io n s , and i t s  a c t i v i t y  i s  c o n tro lle d  by th e  t e r t i a r y  s t r u c tu r e  o f  
sipercoiled DNA and q u a te rn a ry  s t r u c tu r e  o f th e  chromosome.
V arious degrees o f  s p e c i f i c i t y  can be d is tin g u is h e d  in  p ro te in -  
n u c le ic  a c id  i n te r a c t io n s .  At two extrem es a re  T4 gene 32 p ro te in  and 
e u c a ry o tic  sperm c e l l  p ro tam ines which a re  sequence n o n -s p e c if ic ,  and 
re p re s s o r  m olecules which a re  sequence s p e c i f ic .  RNA polyraerase shows 
l i t t l e  s p e c i f i c i t y  in  i t s  DNA b ind ing  a c t i v i t y ,  b u t p ro b ab ly  re q u ire s  
a s p e c i f ic  sequence fo r  th e  c o r re c t  i n i t i a t i o n  and term i.nation  o f  an 
RNA chain  ( s e c t io n s  1 .2 .2 .1 ,  1 ,2 .2 .4 ) .  Sequence independent 
in te r a c t io n s  in v o lv e  m ain ly  io n ic  f o r c e s ,  w h ils t  th e  m o lecu lar 
b a s is  o f th e  a c c u ra te  re c o g n itio n  o f  n u c le o tid e  sequence i s  one o f th e  
m ajor p u zz le s  o f  m o lecu lar b io lo g y . Aromatic amino a c id s  may have an
im p o rtan t ro le  in  t h i s  re c o g n itio n  ( s e c t io n  1 .3 ) .  In  t h i s  s tudy  th e  
n a tu re  o f  th e  in te r a c t io n s  between nuc3.eic a c id s  and E. c o l i  DNA-  
dependent RNA polym erase has been in v e s t ig a te d  by chem ical m o d if ic a tio n  
( s e c t io n  1 ,4 )  o f  bo th  th e  p ro te in  and th e  DNA.
1 .2  E. COLI DNA-.DEPENDENT RNA POLYMEHASE.
1 .2 .1  In tro d u c tio n .
T ra n s c r ip tio n  o f DNA in  b a c te r ia  i s  c a ta ly se d  by D M -dependent MA 
polym erases (sy s te m a tic  name ~ n u c leo s id e  tr ip h o sp h a te :  RNA n u c le o t id y l  
t r a n s f e r a s e  (DNA d ep enden t); E.G. 2 .7 * 7 .6 ) .  They a re  la rg e  m olecules 
(m o lecu lar w eigh ts from 400,000  -  500 ,000), and have a complex su b u n it 
s t r u c tu r e ,  Tivo forms have been id e n t i f i e d  in  pure  p re p a ra t io n s , 
holoenzyme and core enzyme. Core enzyme la c k s  a s in g le  su b u n it, cr , 
which i s  re q u ire d  fo r  c o r re c t  i n i t i a t i o n  o f RNA fo rm a tio n .
The norm al re a c t io n  i s :  pppPu + npppX pppPu(pX)n +
n p p i, where Pu — p u rin e , pppX — n u c leo s id e  tr ip h o s p h a te , and p p i "  
in o rg a n ic  pyrophosphate . With an i n t a c t  double h e l i c a l  DNA and 
holoenzyme, th e  enzyme b inds to  th e  DNA and e v e n tu a lly  lo c a te s  an 
i n i t i a t i o n  s i t e .  I n i t i a t i o n  o f  l&A fo rm ation  occurs, by co up ling  ATP o r 
GTP to  a second n u c leo s id e  t r ip h o s p h a te , w ith  th e  e lim in a tio n  o f  
in o rg a n ic  py rophosphate . E lo n g a tio n  occurs by th e  a d d it io n  o f  n u c leo s id e  
monophosphates, from th e  n u c leo s id e  tr ip h o sp h a te  s u b s t r a te s ,  to  th e  3"^  OH 
end o f th e  growing RNA ch a in . E v en tu a lly  chain  growth te rm in a te s , and 
both  enzyme and MA a re  re le a s e d  from the  te m p la te . The enzyme i n i t i a t e s  
and te rm in a te s  a t  s p e c i f ic  s i t e s ,  and a c c u ra te ly  co p ies th e  DNA te m p la te . 
T ra n s c r ip tio n  in  th e  c e l l  i s  c a r e f u l ly  c o n tro l le d , bo th  by in te r a c t io n s  o f 
g e n e tic  sequences, m e ta b o li te s , and acce sso ry  f a c to r s  w ith  RNA polym erase, 
and by th e  in te r a c t io n  o f  acce sso ry  fa c to r s  w ith  DNA,
A number o f review s o f  b a c t e r i a l  RNA polym erases a re  a v a i la b le :  
Cham berlin (l9 7 4 , a ,b ) ,  T ravers (1974 a ,  b, c; 1971), Bautz (1973, 1972), 
von H ippel & McGee ( l9 7 2 ) , L osick (1972), R ezn iko ff (1972), Burgess 
( 1971) , S a g a r-S e th i ( l9 7 l)*  Some o f th e  more r e c e n t  developm ents, and 
p ro p e r t ie s  r e le v a n t  to  t h i s  th e s i s  v d l l  be d is c u s se d .
1 .2 ,2  C a ta ly t ic  p r o p e r t ie s .
1 ,2 .2 .1  DNA B inding ,
At low io n ic  s t r e n g th  RNA polym erase has a sequence independent 
a f f i n i t y  fo r  DNA. The number o f  m olecules which can b ind  i s  l i i id te d  
on].y by th e  s iz e  o f  th e  enzyme. In c re a s in g  th e  io n ic  s t r e n g th  low ers 
th e  b in d in g  a f f i n i t y  (P e t t i jo h n  & Kaniiya, 1969). With an i n t a c t ,  double 
h e l i c a l ,  l i n e a r  DNA, and a t  low io n ic  s t r e n g th ,  two ty p es  o f b ind ing  
s i t e  a re  p re s e n t ,  th e  "A” and "B" s i t e s  (H inkle & C ham berlin, 1972a), 
There «ye*a la rg e  number o f  B s i t e s  (1300 on T7 DNA) and d is s o c ia t io n  
i s  very  ra p id  ( t ^ ~ 1 s ) .  There a re  few er A s i t e s  (8 on T7 DNA) and th e  
complexes a.re ve ry  s ta b le  ( t i .  = 30 -  60 h ) .  L ocation  o f  A s i t e s  by 
holoenzyiie i s  slow ( t i ~  22 s ) ,  and i s  independent o f  DNA c o n c e n tra tio n  
(H inkle & Cham berliji, 1972, b ) .  S ince th e  o v e ra l l  r e a c t io n  in  a sim ple 
b im o lecu lar p ro cess  should be second o rd e r , i t  appears th a t  th e  f i r s t  
o rd e r r e le a s e  o f  enzyme from B s i t e s  i s  r a t e  l im i t in g ,  and th a t  th e  
r a te  o f A s i t e  lo c a t io n  i s  governed by th e  r e l a t iv e  s iz e s  o f  th e  A and 
B re g io n s . The A s i t e s  occur in  th e  prom oter reg io n s  o f  th e  DNA, and 
th e  8 s i t e s  on T7 DNA appear to  be in  a  s to ra g e 're g io n  fo r  enzyme 
m olecules ab le ' to  i n i t i a t e  r a p id ly  a t  th e  3 s t a r t  p o in ts  fo r  
t r a n s c r ip t io n  (Cham berlin & R ing, 1972; Dunn & S tu d ie r , 1973; Schhfer 
e t  a l . ,  1973) .
DNA in  th e  t i g h t  complexes a t  A s i t e s  i ?  n u c lease  r e s i s t a n t ,  and 
t h i s  has been used  to  i s o l a t e  th e  holoenzyme b in d in g  s i t e s .  The DNAase 
r e s i s t a n t  fragm ent i s  40 base p a i r s  long  (Le T a lae r e t  a l , , 1973), b u t 
reg io n s  as s h o r t  a s  14 base p a i r s  have been i s o la t e d  (Giacomoni ^
1974). R ecen tly  improved tech n iq u es  fo r  DNA sequencing  have a llow ed th e  
polym erase b ind ing  s i t e s  to  be .sequenced, and sequences a re  knovjn fo r  
fd  DNA (S c h a lle r  e t  a l . ,  1975; Hey den e t  ^ . ,  1975), T7 A3 prom oter 
(Pribnow, 1975), BV 40 (Dhar e t  ^ . , 1974), lambda (M an ia tis  e t  a l . , 
1974), t y r  tRNA prom oter (S ek iya & Khorana, 1974; Seld-ya nb a l . ,  1975),
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and la c  DM (Dickson e t  a l . ,1 9 7 5 ).
The sequences o f th e  p ro te c te d  fragm ents a re  d i f f e r e n t ,  and t i i s  i s
a ls o  t r u e  fo r  th e  T4 and T7 b ind ing  s i te s ,  which do n o t c ro ss  h y b rid ise
(N iyogi fit Underwood, 1975). The s t a r t  p o in t fo r  RNA s y n th e s is  i s  in  th e
m iddle o f th e  40 base p a i r  p ro te c te d  re g io n , and 5 base p a i r s  to  th e
l e f t  o f i t  th e re  i s  th e  fo llo w in g  cominon 7 b a s e -p a ir  sequence:
5 T — A — T — Pu — A — Ï  — G’ 3
^ A -  T -  A -  Py -  T -  A -  C 5 '
(Pribnow , 1975; Heyden e t  a l . ,  1975). The prom oter re g io n  ( th e  reg io n
c o n tro l l in g  i n i t i a t i o n  o f  RI'IA s y n th e s is )  seems to  ex tend  beyond th e
p ro te c te d  re g io n  because th e  fragm ents v d l l  n o t reform  complexes ab le  to
s t a r t  mRNA sy n th e s is  c o r r e c t ly .  Fragments ex tend ing  30 base p a ir s  to
th e  l e f t  o f th e  i n i t i a t i o n  p o in t  cannot reform  t i g h t  complexes (Maurer e t
a l . , 1974) whereas th o se  ex tend ing  90 base p a i r s  to  th e  l e f t  can (Zain a t
a l , ,  1974). S ince prom oter m uta tions have been lo c a te d  35 base p a i r s  to
& ijeCs\>€t^
th e  l e f t  o f th e  i n i t i a t i o n  p o in t (Gottesman « 1971; Hopkins, 1974)
i t  seems l i k e l y  t h a t  holoenzyme i n i t i a l l y  reco g n ise s  some fe a tu re  o f  th e  
DNA a t  l e a s t  35 base p a i r s  to  th e  l e f t  o f th e  s t a r t  p o in t ,  A clue to th e  
ty p e  o f  s t r u c tu r e  which m ight be i n i t i a l l y  reco g n ised  by holoenzyme comes 
from th e  o b se rv a tio n  o f  Dhar ^  a l ,  (1974) t h a t  RNA polym erase p ro te c ts  
a g a in s t  Hin endonuclease c leav ag e . S ince th i s  a re a  a ls o  co n ta in s  th e  
“e n try "  s i t e  fo r  holoenzyme, th e  i n i t i a l  re c o g n itio n  may in v o lv e  th e  
p a lind rom ic  sequence reco g n ised  by Hin endonuclease.
The reg io n  o f  th e  prom oter between th e  e n try  and s t a r t  s i t e  may 
have a s to ra g e  fu n c tio n . The T7 prom oter reg io n  can s to re  8 holoenzyme 
m olecules in  a form a b le  to  i n i t i a t e  RNA chain  fo rm atio n  ra p id ly  
(S ch afe r ^  a l , ,  1973). There a re  150 base p a i r s  between th e  f i r s t  
and second, and 80 base p a i r s  between th e  second and t h i r d  i n i t i a t i o n  
s i te s ( D a r l ix  & Dausse, 1975), enough space fo r  7 c lo s e ly  packed 
polym erase m olecu les, Holoenzyme, a t  th e  prom oter s i t e ,  can e x i s t  in
two con fo rm atio n a l s t a t e s ,  th e  t r a n s i t i o n  between them in v o lv e s  th e  lo c a l  
opening o f  4 -  8 base p a i r s  o f  th e  DNA (S a u c ie r  & Wang, 1972 : Mangel &
Cham berlin, 1974a,b).This opening re g io n  may be r e la te d  to  th e  7 base p a i r  
A-T r ic h  common sequence in  th e  n u c lease  r e s i s t a n t  fragm en ts , s in ce  
opening i s  more s e n s i t iv e  to  g ly c e ro l d é n a tu ra tio n  th an  expected  from 
th e  o v e ra l l  GO c o n ten t o f  th e  DNA, in d ic a t in g  i t  i s  an A~T r i c h  re g io n  
(T rav e rs , 1974 a ) ,  and th e  UV 5 la c  m u ta tio n , which enhances opening, 
a l t e r s  th e  sequence to  m atch th e  7 base p a i r  reg io n  (Pribnow, 1975). 
However Dickson e t .  a l . ,  ( l9 7 5 ) have found th a t  th e  e n try  re g io n  i s  A-T 
r ic h ,  and th ey  su g g est t h a t  t h i s  i s  th e  opening s i te *
In  summary holoenzyme b in d in g  to  DNA in v o lv e s  th e  fo llo w in g  s te p s :
1) random b in d in g  o f  holoenzyme to  DNA u n t i l  i t  encoun ters  a  prom oter 
s i t e
2) re c o g n it io n  o f  a  prom oter e n try  s i te *
3 )  t r a n s i t i o n  from e n try  to  i n i t i a t i o n  s i t e  w ith o u t d is s o c ia t io n  from 
th e  DNA
y+) opening o f  th e  DNA h e l ix  in  p re p a ra t io n  fo r  RNA ch ain  i n i t i a t i o n  
and e lo n g a tio n .
Many a sp e c ts  o f  t h i s  model need to  be c l a r i f i e d .  I t  would be 
in t e r e s t in g  to  o b ta in  more sequence in fo rm atio n  so th a t  th e  ex ac t 
r e la t io n s h ip  o f  s to ra g e , e n try , and i n i t i a t i o n  s i t e s  may be d e fin e d , and 
to  see  i f  th e re  a re  common s t r u c t u r a l  fe a tu re s  which may p ro v id e  a 
re c o g n itio n  s i t e  fo r  holoenzyme.
Soon a f t e r  i n i t i a t i o n  holoenzyme lo se s  th e  cr s u b u n it, and th e  
rem ain ing  core enzyme co n tin u es  to  e lo n g a te  th e  RNA chain  (iCrakow & von 
de Helm, 1970), cr f a c to r  re so lv e s  th e  two c o n f l ic t in g  requ irem en ts  o f 
RNA polym erase o f  liaving an i n i t i a l  s e l e c t i v i t y  fo r  p a r t  o f  th e  DNA, 
but once t r a n s c r ip t io n  has s t a r t e d ,  having an o v e r a l l  a f f i n i t y  fo r  th e  
DNA (Y arus, 1969). Holoenzyme b inds more weakly th a n  core  enzyme to  
th e  B s i t e s  o f T? DNA ( th e  d is s o c ia t io n  h a l f  tim es a re  1 s and 60 min
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r e s p e c t iv e ly ) ,  and th i s  f a c i l i t a t e s  g re a t ly  i t s  sea rch  fo r  prom oter 
s i t e s  (Hinlcle & Cham berlin, 1972 a ) .  Core enzyme i n i t i a t e s  
p r e f e r e n t i a l l y  from n ic k s  on l in e a r  h e l i c a l  tem p la tes  (Vogt, 1969), 
whereas holoenzyme b inds t i g h t l y  b u t v d l l  n o t i n i t i a t e  from them (B oule- 
C harest & M em et-Bratley, 1972; H inkle & Cham berlin, 1972 b ) .  This 
su g g ests  t h a t  holoenzyme has a more r i g i d  s p e c i f i c i t y  fo r  i n i t i a t i o n  
sequences, and th a t  core enzyme i s  unable to  c a ta ly s e  prom oter opening . 
However, core enzyme r e ta in s  some a b i l i t y  to  open DNA because i t  opens 
i n t a c t  p o ly  d(AT) (H inkle & Cham berlin, 1970), and a ^ y m e t r ic a l ly  
t r a n s c r ib e s  su p e rc o ile d  DNA (Domingo e t  a i , ,  1975)•
1 .2 .2 .2  I n i t i a t i o n .
I n i t i a t i o n  in v o lv es  th e  fo rm ation  o f th e  f i r s t  p h o sp h o d ies te r bond 
between two n u c leo s id e  t r ip h o s p h a te s . This s tep  i s  d i f f e r e n t  from 
subsequent s te p s  in  th a t  th e  a cc e p to r which b ea rs  th e  3^ OH group i s  a 
n u c leo s id e  tr ip h o sp h a te , r a th e r  than  a p o ly n u c le o tid e . In  vivo s tu d ie s  
shovj th a t  RNA ch ains a re  i n i t i a t e d  p r e f e r e n t i a l ly  w ith  a p u rin e  
n u c le o tid e  (f ia i t ra  & H urivitz, 1965; Bremer e t  a l , , 1965), S tu d ies  w ith  
sy n th e tic  copolym ers, such as p o ly  d(AT), sh o w 'th a t i n i t i a t i o n  occurs 
alm ost e x c lu s iv e ly  w ith  ATP o r GTP a t  th e  5*^end (M aitra  e t  a l . ,  1967; 
ICLeppe & Khorana, 1972; T eras e t  a i . ,  1972). T ra n s c r ip tio n  o f tem p la te  
s tra n d s  c o n ta in in g  e x c lu s iv e ly  p u rin e s  i s  g re a t ly  reduced  ( S t r a a t  & T s‘o , 
1969) .  These r e s u l t s  suggest t h a t  RNA polym erase has two s i t e s  fo r  
b ind ing  n u c leo s id e  t r ip h o s p h a te s , th e  f i r s t  ( th e  i n i t i a t i o n  s i t e )  b inds 
p u rin e  n u c le o tid e s  s p e c i f i c a l ly ,  w h ils t  th e  second s i t e  b inds a l l  fo u r 
n u c leo s id e  t r ip h o s p h a te s , wu & G oldthw ait (1969a ,b )  have o b ta in ed  d i r e c t  
evidence fo r  a d i s t i n c t  p u rin e  n u c le o tid e  b ind ing  s i t e  on th e  enzyme.
They showed th a t  ATP and GTP, b u t n o t CTP and DTP, quench th e  p ro te in  
f lu o re sc e n c e . ATP and GTP b ind ing  a t  t h i s  s i t e  i s  in h ib i te d  by 
rifam y c in , a s p e c if ic  in h ib i to r  o f  i n i t i a t i o n  ( s e c t io n  1 .2 .3 .3 ) .
The i n i t i a t i o n  s i t e  appears to  have a r i g i d  s p e c i f i c i t y  fo r  
n u c le o t id e s . P u rin e  analogues w ith  minor m o d if ic a tio n s  in  th e  5
A
membered r in g , away from th e  p o r t io n  invo lved  in  norm al H bonding, have 
been found to  d ecrease  g r e a t ly  th e  r a t e  o f chain  i n i t i a t i o n  (N ishinm ra 
e t  . a l . ,  1966: DarJôx e t  a l . ,  1971j Ward & R eich , 1972). This r i g i d
s p e c i f i c i t y  i s  n o t d isp la y ed  by th e  second s i t e ,  which accep ts  a  g re a te r  
v a r ie ty  o f analogues in  th e  e lo n g a tio n  re a c t io n  (C ham berlin , 1974 a ; 
D a r lix  & Fromageot, 1974; S te i t z  & S cheit, 1975).
1 ,2 .2 .3  E lo n g a tio n .
A fte r  form ation  o f  th e  f i r s t  p h o sp h o d ies te r bond th e  d in u c le o tid e  
moves to  the  p ro d u c t s i t e  (which may be r e la te d  to  th e  i n i t i a t i o n  s i t e ) ,  
and subsequent n u c leo s id e  tr ip h o sp h a te s  can b ind  to  a llow  e lo n g a tio n  
to  c o n tin u e , cr f a c to r  i s  re le a s e d  du rin g  e lo n g a tio n  (G erard e t  
1972; Krakow & von de Helm, 1970). The p ro d u c t s i t e  can b ind  12 
n u c le o tid e s  o f an RNA chain  and i t s  p o s i t io n  r e l a t i v e  to  th e  DNA b ind ing  
s i t e  may help  h e l ix  re fo rm atio n  (Kumar & Krakow, 1975).
The te rn a ry  complex o f  protein-DNA-RNA i s  s ta b le  to  h igh  io n ic  
s tre n g th  (N aito  & Ishiham a, 1973). The enzyme has in c re a s e d  r e s is ta n c e  
to  in h ib i to r s  ( Z i l l i g  e t  a l . ,  19?0b), p ro te o ly s is  (Lowe, 1974), 
in a c t iv a t io n  by t h i o l  re a g e n ts  (N icholson & King, 1973), and h e a t 
d é n a tu ra tio n  (S teade  & Jo n es , 196?). DNA base p a i r s  in  th e  complex a re  
“open" (S au c ie r & Wang, 1972; I4aloolm e t  a l . ,  1975), w ith  a CD 
spectrum  c h a r a c te r i s t i c  o f  th e  A r a th e r  than  th e  B form (B e a b e a la sh v illy  
e t  a l . , 1972) ,  and a re  s e n s i t iv e  to  r e a c t io n  w ith  form aldehyde 
(Kosaganov eib a l . ,  1971 )• The DNA-RWA in te r a c t io n s  a re  t r a n s ie n t ,  and 
can be d is ru p te d  w ith p ro te in  d é n a tu ra n ts  (Bremer & Konrad, 1964) .
The e lo n g a tio n  complex can a c c u ra te ly  s e le c t  th e  c o r r e c t  n u c le o tid e  
from th e  norm al s u b s t r a te s .  The e r r o r  frequency  i s  l e s s  th an  1 in  17OO, 
o r an average e r ro r  o f  0*6 n u c le o tid e s  i n  an .E . c o l i  mRI4A (Bass &
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Polonsky, 1974). Under optimum c o n d itio n s , a t  37^C, chain  growth i s  
20 -  50 n u c le o tid e s  p e r second. (R ichardson , 1970). The r a t e  v a r ie s  
v l th  base sequence (D a r lix  & Fromageot, 1972), and th e  slow sequences 
may be r e la te d  to  chain  te rm in a tio n ,
1 .2 .2 .4  T e rn in a tio n ,
C o rrec t te rm in a tio n  in v o lv es  th re e  d i s t i n c t  e v en ts , re c o g n itio n  
o f  a  te rm in a tio n  sequence, r e le a s e  o f  RNA, and re le a s e  o f enzyme. 
T erm ination  seems to  in v o lv e  both  s p e c i f ic  sequences and te rm in a tio n  
f a c to r s .  T erm ination  i s  sequence s p e c i f ic ,  f a c to r  independen t, on 
phage fd  DNA (Takanamii e t  s i . ,  1971), T? DNA (Schw eiger e t  a i . ,  1971),
T5 DNA (S ch afe r & Z i l l i g ,  1973b), X DNA (Rosenberg e t  a l . ,  1975), and 
E. c o l i  mRNA DNA (P e t t i jo h n  ob s i . ,  1971). S p e c if ic  sequences have been 
found a t  3*" end o f a  number o f in  v i t ro  sy n th es ised  RNA's, and th ey  may 
form p a r t  o f  th e  re c o g n itio n  s i t e  f o r  te rm in a tio n . The sequence 
,Pu(u)^Pu has been found a t  th e  y  end o f X 6S RNA (Lebowitz a i . ,
197I ;  Larsen e t  a l . ,  1970), X 4S RNA (B la ttn e r  & D ahlberg, 1972; 
Dahlberg & B la t tn e r ,  1973), an E. c o l i  RNA (Rosenberg e t  a l , ,  1975), 
and a B. su b ti l i s  RNA (Rosenberg ^  a i . ,  1975). S im ila r ly  p h i 80 
phage RNA te rm in a te s  in  C(U)^AA (P ieczen ik  e t  a i . ,  1972). However T7 
e a r ly  mRNA ap p ears  to  te rm in a te  w ith  CGC (P e te rs  & Hayvrood, 1974 a , b ) .
A number o f  te rm in a tio n  fa c to rs  have been i s o la te d  (S ch afe r & 
Z i l l i g ,  1973 a , c; Yang & Zubay, 1974), o f which p f a c to r  has been most 
e x te n s iv e ly  s tu d ie d  (R o b erts , 1969). p causes p r e f e r e n t i a l  te rm in a tio n  
a t  a  l im ite d  number o f  s i t e s .  With X DNA i t  in c re a s e s  th e  p ro p o rtio n  
o f 4S to  6S RNA sy n th e s ise d , and a l t e r s  th e  p o s i t io n  o f te rm in a tio n  
by in c re a s in g  te rm in a tio n  a t  Pu(U)^AU as opposed to  Pu(U)^A (Rosenberg 
e t  ^ . ,  1975) .  With T7 DNA p s tim u la te s  te rm in a tio n  a t  th e  ends o f 
gene 0*3, 0*7, and in  th e  m iddle o f gene 1, and to g e th e r  w ith  RNA ase  
111, g e n e ra te s  th e  c o r re c t  m olar r a t i o s  o f th e  e a r ly  mRNA*s (D a rlix ,
1974 a ) .
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S e v e ra l mechanisms have been proposed to  account fo r  th e  a c t i v i t y  
o f p f a c to r .  I t  m ight b lock  e lo n g a tio n  by b in d in g  to  DNA a t  s p e c i f ic  
s i t e s .  Oda & Takanami (1972) found by e le c tro n  raj.croscopy th a t  p assumes 
a hexagonal s t r u c tu r e ,  and forms r in g s  around th e  h e l ix  a t  s p e c if ic  s i t e s  
on RF fd  DMA, A s im ila r  r in g  s t ru c tu re  has been found w ith  th e  la c  
r e p re s s o r  (Ohshima. e t  a l . ,  1975). A lte rn a tiv e ly  p may b ind  to  RNA 
polym erase when i t  i s  in  a  s p e c i f ic  conform ation a t  “h e s i t a t io n "  s i t e s  
on DNA (D a rlix  & H o ra is t, 1975). H e s ita tio n  s i t e s  a re  e i th e r  (dA )^.(dT)^ 
o r (dG )^.(dC )^ r ic h ,  and a re  proceeded by th e  s p e c i f ic  sequence GGCUUUAU 
and fo llow ed by GAU (Rosenberg e t  a l , , 1974). Since th e  RI\IA tra n s c r ib e d  
from h e s i t a t io n  reg io n s  i s  c leaved  by d o u b le -s tra n d  s p e c if ic  RNA ase I I I ,  
th e  RNA sequence must have two fo ld  symmetry (D a rlix , 1975; D a rlix ,
1974 a ,  b ) .  p f a c to r  a lone  cannot account fo r  s p e c i f ic  te rm in a tio n  
because i t  does n o t le a d  to  re le a s e  o f  RNA polym erase from DNA (Goldberg 
& H unvitz, 1972).
An analogy has been drainai between i n i t i a t i o n  and te rm in a tio n  s in ce  
th ey  both  occu r a t  s p e c i f ic  s i t e s ,  th ey  both use c a t a ly t i c  f a c to r s  which 
bind  to  th e  enzyme, and th e y  both  have s i t e s  on th e  enzyme w ith  a more 
r i g i d  s p e c i f i c i t y  fo r  n u c le o tid e s  (a n d 'an a lo g u es) th a n  th e  e lo n g a tio n  
s i t e  (D a r lix , 1974 b ) .
1 .2 .2 .5  O ther c a ta ly se d  re a c tio n s*
B esides th e  norm al tem p la te  d ire c te d  fo rm ation  o f  a complementary 
RNA ch a in , RNA polym erase can form, both  in  th e  p resence  and absence 
o f  te m p la te s , polym ers w ith  rep ea ted  sequences. Template d ire c te d  
homopolymer fo rm ation  occurs when Rill polym erase i s  in cu b a ted  w ith  DNA o r 
RNA, and one o r two o f  th e  n u c leo s id e  tr ip h o sp h a te s  (N ishinnira ^  a l . ,  
1964; Chamberlin & Berg, 1964) .  The reaction  r e s u l t s  from re p e a te d  
copying o f  a s h o r t  sequence o f th e  tem p la te , and i s  com pletely  sup ressed  
when a s u b s t r a te  complementary to  th e  tem p la te  base d i s t a l  to  th e
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r e i t e r a t i v e  sequence i s  in c lu d ed  in  th e  r e a c t io n .  S y n th es is  o f p o ly  A 
from TTTTÏTC i s  sup ressed  when GTP i s  in c lu d e d , even a t  m icrom olar 
c o n c e n tra tio n s  (Cham berlin & Berg, 1964). .
In  th e  absence o f tem p la te  p o Iy (rA ). po ly (rU ) and p o ly ( r lC )  a re  
formed when ATP and GTP (Mehrota & Khorana, 1965; Smith _et a j . . ,  196?) 
and IT? and CTP (Krakow & K a rs ta d t, 1967 ; Krakow & von de Helm, 19?0) 
r e s p e c t iv e ly  a re  in cu b ated  v i th  RNA polym erase. This i s  an i n t r i n s i c  
p ro p e rty  o f th e  enzyme, and does no t r e s u l t  from con tam ination  w ith  
po ly  A polym erase (August e t  a l . ,  1962) o r p o ly n u c le o tid e  phosphory lase  
(Kiralii & l i t t a u e r ,  1968), which a re  o f te n  p re s e n t  in  impure 
p re p a ra t io n s  o f  th e  enzyme. Unprimed sy n th e s is  re q u ire s  Mn and high  
co n ce n tra tio n s  o f enzyme, and shows a la g  o f about 30 no,n ( Smi.th e t .  a l . , 
1967).
1 .2 .2 ,6  C o n tro l o f  RNA polym erase a c t i v i t y ,
Tvjo tjipes o f t r a n s c r ip t io n a l  c o n tro l  can be d is t in g u is h e d , th e  
^ o v e rs ib le  c o n tro ls  a s s o c ia te d  w ith  ra p id  a d a p ta tio n  to  env ironm ental 
changes, and th e  i r r e v e r s ib le  c o n tro ls  accompanying programmed 
developm ent (G ros, 1974). There a re  both  f in e  and coarse  r e v e r s ib le  
c o n tro ls .  Fine c o n tro ls  a re  e x e rted  by re g u la to ry  p ro te in s  such as 
re p re s s o rs  and a c t iv a to r s ,  which c o n tro l  th e  a v a i l a b i l i t y  o f th e  
prom oter to  RNA polym erase (Lewin, 1974)» This c o n tro l occurs by e i th e r  an 
a f f e c t  on th e  open and c lo sed  s t a t e s  o f  the  prom oter ( e .g .  c a ta b o l i te  
a c t iv a to r  p ro te in  1  cAl#, N akan ish i, 1974), o r  by p h y s ic a l e x c lu s io n  o f 
RI'JA polym erase ( X re p re s s o r ,  Chadvd.ck e t  a l . ,  1970; t r p  re p re s s o r .
S q u ires  e t  a i , ,  1975).
Coarse c o n tro l  i s  m a n ife s t as an o v e ra l l  c o n tro l  o f  th e  t r a n s c r ip t io n a l  
c ap a c ity  o f th e  c e l l ,  and may be m ediated  by two d i s t i n c t  confo rm ational 
s t a t e s  o f holoenzyme, th e  e q u ilib r iu m  between them being  c o n tro l le d  by 
re g u la to ry  f a c to r s  such as ppGpp (T rav ers , 197/it). Two m inor sp ec ie s  o f  
holoenzyme have been i s o la te d  from E. c o l i  (Fulmda e t  a i , , 1974;
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Wiclmer & Kornberg, 1974; Iwakura et^ 1974), and v a rio u s  c a ta ly t ic  
h e te ro g e n e it ie s  have been observed  (Chao & Speyer, 1973; T ravers & 
Buclcland, 1973; C hela la  eb a l . ,  1971), b u t th e se  have n o t been 
c o r re la te d  w ith  Imovm ^  vivo p ro p e r t ie s  o f th e  enzyme.
C o n tro l d u rin g  programmed developm ent i s  a s s o c ia te d  w ith  s t r u c tu r a l  
changes in  th e  t r a n s c r ip t io n a l  a p p a ra tu s , in c lu d in g  rep lacem ent o f  o  
f a c to r  w ith  o th e r  p r o te in s ,  m o d if ic a tio n  o f th e  co re  enzyiae s t r u c tu r e ,  
and com plete rep lacem ent vri,th a  phage s p e c if ie d  RNA polym erase . Phage 
in f e c t io n  o f te n  le ad s  to  th e  p ro d u c tio n  o f new p o ly p e p tid e s  which a l t e r  
th e  p ro p e r t ie s  o f  th e  h o s t RI'JA polym erase (Duffy & G eiduschek, 1975; 
Spiegelman & M iite le y , 1974)® During s p o ru la tio n  in  B, s u b t i l i s  a 
p o ly p e p tid e  i s  produced which in h ib i t s  th e  a s s o c ia t io n  between core 
enzyme and a  (T jia n  & L osick , 1974), w h ils t  th e  co re  s t ru c tu re  i s  n o t 
a l t e r e d  (Rexer ^  1975; K erjan & S zu lm aster, 1974). T4 in f e c t io n
o f  E. c o l i  r e s u l t s  in  a m o d if ic a tio n  o f  core enzyme ( Z i l l i g  e t  a l . ,
1974; G off, 1974). An e n t i r e ly  d i f f e r e n t  RNA polym erase m olecule i s  
sy n th e s ise d  d u rin g  in f e c t io n  w ith  T7 ( Golomb & C ham berlin, 1974? N ile s , 
1974), T3 (C hakraborty  e t  1973) P4 (B a r re t t  e t  a l , ,  1972) and 
PBS 2 (C lark  ^  a l . ,  1974). These RNA polym erase molecLl.es a re  sm alle r 
th an  th e  h o s t polym erase, p ro b ab ly  r e f l e c t in g  th e  sm alle r number o f  
c o n tro ls  e x e r ted  on t h e i r  fu n c tio n . S tu d ies  o f th e se  poUymerases may 
p ro v id e  in fo rm a tio n  on th e  m o lecu lar p ro p e r t ie s  o f  th e  h o s t enzyme 
which a llow  such m u lt if a r io u s  c o n tro ls  to  be e x e r te d  on i t ,
1 ,2 .3  M olecular P r o p e r t ie s ,
1 .2 .3 * 1  S tr u c tu r a l  p r o p e r t ie s .
The p ro tom eric  a c t iv e  u n i t  o f  E. c o l i  RNA polym erase c o n s is ts  o f 5 
su b u n its , p , p , 2 x  a ,  a ,  w ith  m o lecu lar w eights o f  about 165,000, 
155,000, 2 X 40 ,000 , and 95,000 (Cham berlin, 1974b; s e c tio n  3 .4 * 4 ) . 
Another sm all su b u n it, w (about 10 ,000 ), i s  o c c a s io n a lly  found
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a s s o c ia te d  m th  th e  p u r i f i e d  enzj-nne, b u t i t  i s  th o u g h t to  be a t i g h t  
b in d in g  x jip u rity  because i t  i s  removed by high s a l t  g e l - f i l t r a t i o n  
and does no t a f f e c t  th e  Imovm. a c t i v i t i e s  o f  th e  enz,^mie (B urgess &
T rav e rs , 1971). The o" su b u n it i s  c a t a ly t i c  (T ra v e rs , 1975) and can 
r e a d i ly  be d is s o c ia te d  from holoenzyme to  g ive core-enzyme (Burgess ^  ad.. ,  
1969)® p, and oc a re  d i s t i n c t  p o ly p e p tid e s , as shovm by p e p tid e  
mapping (Schacloner & Z i l l i g ,  1971), amino a c id  com position , and N 
te rm in a l sequence ( F u j ik i  & Zurek, 1975). They a re  t i g h t l y  bound to  
each o th e r , and a re  a l l  e s s e n t i a l  fo r  th e  r e c o n s t i tu t io n  o f  a c t iv e  
enzyme (ish ih am a, 1972; Yarbrough, 1973). The enzyme has a  s tro n g  
tendency  to  ag g reg a te  a t  low s a l t  c o n c e n tra tio n s . Below an io n ic  
s tre n g th  o f  0*1M holoenzyme ag g reg a tes  to  a d ijner, w h ils t  below 0*27M 
core enzyme forms a hexamer (Berg & Cham berlin, 1970).
The o v e r a l l  shape o f  th e  m olecule has been s tu d ie d  by sm all ang le  
X-ray s c a t te r in g  (P i la  e ^  a l . ,  1972) and e le c tro n  m icroscopy (K itano 
& Kameyama, 1969; lu b in , 1969, Davis £: Hyman, 1970), X -ray s c a t te r in g  
shows th a t  core  enzyme has an e lo n g a ted  shape, w ith  an a x ia l  r a t i o  of 
1 : 2 .  O' has l i t t l e  e f f e c t  on th e  o v e r a l l  s t r u c tu r e .  The shapes 
observed by e le c tro n  m icroscopy a re  h ig h ly  v a r ia b le  and a re  much sm a lle r  
th an  th o se  observed  by X -ray  s c a t te r in g .  This m y  r e s u l t  from th e  
s ta in in g  procedure  and th e  “lo o s e ly  im i t“ s t r u c tu r e  o f  th e  p r o te in .
The su b u n it arrangem ent has been s tu d ie d  by chem ical c ro s s - l in k in g  
(Lowe, 1974) and p ro te o ly s is  (Lowe, 1974; King e t  1974b; L i l l  
& Hartman, 1975). G ro ss - lin k in g  experim ents a re  com plicated  by th e  
la rg e  and s im ila r  m o lecu lar w eights o f  p and pC P ro te o ly s is  w ith  a 
v a r ie ty  o f  p ro te a se s , under v a rio u s  c o n d itio n s , g iv e s  in fo rm a tio n  on th e  
r e l a t iv e  exposure o f  th e  s u b u n its .  Combining th e se  d a ta  w ith  th e  
subassem blies which have been id e n t i f i e d ,  th e  fo llo w in g  te n ta t iv e  
arrangem ent can be deduced:
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2 X
0"
o*
D iscontinuous l in e s  mean u n c e r ta in  co n tac ts , 
F ea tu res  o f  th e  model:
oc
O f
cr
cr
P
P
Î,
P
oc
Ot
OC
p -
p> «
p
p'
or —-
P'
f '
P
cr
oc
K -
oc
P
oc
«2p subassem bly (Fukuda & Ishiham a; 1974)* 
c ro s s l in k in g  (lowe;, 1974); subassem bly (B urgess, 
1971).
subassem bly (S a g a r-S e th i, 1971)' 
subassem bly ( S t e t t e r  & Z i l l i g ,  1974). 
equal p ro te c t io n  o f  p & p by a* a g a in s t  p ro te o ly s is  
( L i l l  & Hartman, 1975).
e :^ o su re  o f oc to  p ro te o ly s is  ( L i l l  & Hartman, 1975) 
and r e l a t i v e  sizes- o f oc and p , p » 
symmetry o f  dimer fo rm atio n , and
p ro te c t io n  a g a in s t  p ro te o ly s is  ( L i l l  & Hartman, 1975)
unlmom
unknown
unlcnown
The su b u n its  can be i s o la te d  and used to  r e c o n s t i tu te  a c t iv e  enzyme 
(ish iham a & I t o ,  1972; I to  &. Ishiham a, 1973; Ishiham a e t  a l . ,  1973j 
Fukuda & Ish iham a, 1974; Harding & Beychok, 1974; Yarbrough & Hurw itz, 
1974; Palm e t  a l , , 1974). R easso c ia tio n  occurs in  th e  fo llo w in g  
sequence:
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2or “ 2P
r
*  zPP'
37*0/30 min
in a c t iv e «  ?.pp' 
/
\  /  /
0
in a c t iv e
a c t iv e
ex
Tlie in a c t iv e  complex o f  o^pp' has many o f th e  s t r u c tu r a l  f e a tu re s  o f  th e  
o r ig in a l  enzyme, b u t has a  reduced  sed im en ta tio n  c o e f f ic ie n t  and S tokes 
ra d iu s . I t  undergoes a tem p era tu re  s e n s i t iv e  co n fo rm ationa l change to  
a c t iv e  enzyme (H arding & Beychok, 1974). In te rg e n ic  h y b rid s  have been 
o b ta in ed  between Mi. cro  coccus l u t  eus and E, c o l i  core enzjunes. The hyb rid s 
a re  a c t iv e  d e sp ite  d if f e r e n c e s  in  s iz e  (M icrococcus lu te u s  p = 150,000, 
p — 145, 000 , Oc -  44, ,000) and charge, and in d ic a te  t h a t  each su b u n it has 
d i s t i n c t  fu n c tio n s  which a re  c lo s e ly  s im ila r  in  th e  two b a c te r ia  ( L i l l  e t  
al*> 1975) .  A study  o f su b u n it a ssem b lie s , and r e c o n s t i tu t io n  o f  m odified  
su b u n its , should  prove u s e fu l  in  e lu c id a tin g  th e  s t r u c tu r e  and a c t i v i t i e s  
o f  th e  su b u n its*
1 ,2 .3 .2  Chemical and s t r u c tu r a l  m o d if ic a tio n .
S tu d ie s  o f  m od ified  RNA polym erase have y ie ld e d  in fo rm a tio n  on th e  
fu n c tio n s  o f  th e  amino a c id s  and su b u n its  o f th e  enzyme* M odified 
enzyme has been o b ta in ed  by p u r i f i c a t io n  from phage in fe c te d  and m utant 
E, c o l i ,  by i s o la t io n  o f enzyme su b assem b lies , and by chem ical 
.m o d if ica tio n  w ith  group s p e c i f ic  and a f f i n i t y  re a g e n ts .
M utants r e s i s t a n t  to  th e  in h ib i to r s  s t r e p to ly d ig in ,  r ifam y c in , and 
s t r e p to v a r ic in  have been shown, by r e c o n s t i tu t io n  e.-Kperiments, to  be 
m odified  in  th e  p su b u n it (Rabussay & Z i l l i g ,  1969j H e ll & Z i l l i g ,  1970; 
Iwakura e t  a l , ,  1973; Boyd e t  a l , , 1974). S ince rifam^^-cin and
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s t r e p to ly d ig in  a re  s p e c i f ic  in h ib i to r s  o f  i n i t i a t i o n  and e lo n g a tio n  
r e s p e c t iv e ly ,  i t  appears th a t  both  fu n c tio n s  r e s id e  on p (iw akura e t  a l , ,
1973) .  However th ey  m ight a c t  a t  a d is ta n c e  ( Wu & Wu, 1974). A m utant 
in  p 'h a s  a decreased  a f f i n i t y  fo r  DNA (Panny _et a l* ,  1974). The enzyme 
i s o la te d  from a la rg e  number o f  m utants i s  in s ig n i f i c a n t ly  d i f f e r e n t  in  
th e  norm al a c t i v i t y  assays (K hesin e t  a l . , 1971; B ab in e t, 1970;
Jacobsen & G il le s p ie ,  1971; Yura ^  a l . ,  1970; B autz, E .K .F ., 
p e rso n a l com m unications), and su g g ests  t h a t  a la rg e  p a r t  o f  th e  enzyme 
i s  in vo lved  in  o th e r  a c t i v i t i e s ,  such as c o n tro l .  A s im ila r  con clu sio n  
is  reached  from th e  o b se rv a tio n  th a t  p ro te o ly s is  o f  DNA p ro te c te d  RNA 
polym erase le a d s  to  e x ten s iv e  d eg ra d a tio n , y e t l i t t l e  lo s s  o f  a c t i v i t y  
(King e t  1974 a ) .
T4 in f e c t io n  o f E. c o l i  r e s u l t s  in  a  number o f  m o d if ic a tio n  o f  th e  
h o s t enzyme. (W alter ^  a l , ,  1968; Bautz & Dunn, 1969; S e i f e r t  e t  a l . , 
1969; Goff & Weber, 1970; S e i f e r t  e t  a l . ,  1971). The f i r s t  changes 
occur w ith in  4 min o f  in f e c t io n ,  and in v o lv e :
1 ) a f a s t  in tro d u c tio n  o f  1 adenosine  and 2 phosphates onto  an oc 
su b u n it, which does n o t r e q u ire  phage s p e c i f ie d  p ro te in  sy n th e s is
2 ) m o d if ic a tio n  o f a second oc su b u n it w ith  ADP-ribose, which 
re q u ire s  phage p ro te in  sy n th e s is
Both m o d if ic a tio n s  occur on a common sequence, b u t th e re  i s  a 
d isagreem ent about what th e  a c tu a l  sequence and amino a c id  m odified  a re  
(G off, 1974; Z i l l i g  e t  a l . ,  1974). This i s  th e  f i r s t  o b se rv a tio n  o f 
a s p e c if ic  a  m o d if ic a tio n , and in d ic a te s  th a t  i t  may be in vo lved  in  
prom oter s i t e  s e le c t io n .
A f f in i ty  re a g e n ts  resem bling  n u c leo s id e  t r ip h o s p h a te s , DNA, and 
in h ib i to r s  have been u sed . An a lk y la t in g  d e r iv a t iv e  o f  rifam y c in  (F ig  l . l )  
3 -  ( 2 - bromo [ l  -  ace tam id o e tliy l) — th io r ifa m y c in  SV c o v a le n tly  
a t ta c h e s  to  p in  core enzyme, and p and cr in  holoenzyme, (s te n d e r  e t  
a l . , 1975) .  These r e s u l t s  su g g est th a t  the  i n h ib i to r  b in d in g  s i t e  i s  on
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p , and th a t  a  b inds c lo se  to  th e  i n h ib i to r  s i te *  oc co n fe rs  rifem iycin 
b ind ing  c a p a c ity  to  p in  th e  subassem bly a  ^p ( S t e t t e r  & Z i'L lig , 1974), 
b u t th e  la c k  o f  oc -* r ifam y c in  l in k s  su g g ests  t h a t  oc does n o t fojrai p a r t  
o f  th e  b in d in g  s i t e .
A f f in i ty  l a b e l l in g  m th  p u rin e  analogues le a d s  to  s p e c i f ic  
a ttachm en t to  th e  i n i t i a t i o n  s i t e  on B (Spoor e t  a l . ,  1970: Nixon e t  a l . ,  
1972; VAi & ¥u , 1974)* The p y rim id in e  analogues -  4 -  th io  -■ UTP
(F ris c h a u f  & S c h e it ,  1973) and 5 -  fo rm y l-  UTP (Arm strong ^  , 1974)
/  /
r e a c t  w ith  bo th  th e  p and p s u b u n its , which su g g es ts  t h a t  th e  p su b u n it
has th e  e lo n g a tio n  s i t e .  The la c k  o f  s p e c i f i c i t y  may r e s u l t  from th e  
weak a s s o c ia t io n  c o n s ta n t f o r  p y rim id in e  n u c le o tid e s  and ENA polym erase 
( Wu & G old thw ait, 1969b). A f f in i ty  la b e l l in g  w ith  th e  tem p la te  
analogue po ly d eo x y - 4 ™ th io th y m id y lic  a c id  (F r is c h a u f  & S c h e it ,  1973) 
su g g es ts  th e  DNA b in d in g  s i t e  i s  on th e  p  ^ s u b u n it.
Group s p e c if ic  re a g e n ts , which m odify t h i o l ,  amino, im id azo le , and 
in d o le  s id e  c h a in s , have been u sed . U n fo rtu n a te ly , in  most c ase s , th e  
s p e c i f i c i t y  o f th e  re a c t io n  and th e  e x te n t o f  r e a c t io n  have n o t been 
e s ta b l is h e d . T his has p ro b ab ly  a r i s e n  because o f  th e  la rg e  s iz e  o f  th e  
enzyme, and th e  d i f f i c u l t i e s  a s s o c ia te d  w ith  o b ta in in g  i t  in  la rg e  
q u a n t i t i e s .
T h io ls  a re  th e  e a s ie s t  to  m odify s p e c i f ic a l ly ,  and hence th e  e f f e c t s  
o f  t h e i r  m o d if ic a tio n  has been s tu d ie d  ex t,ensive ly  (Krakow, 1966;
Ishiham a & H unvitz, 1969; Smd.th e t  a l . ,  1971; l i l l e h a u g  e t  a l . ,
1973; Harding & Beychok, 1974; M ikulsk i ob a l . ,  1973; N icholson &
King, 1973; Yarbrough & Wu, 1974)* Although some o f  th e  r e s u l t s  a re  
c o n tra d ic to ry  (o f te n  w e ll d e fin ed  co n d itio n s  have n o t been u sed ) , s e v e ra l  
conclu sio n s  can be reach ed . There a re  th re e  c la s s e s  o f t h io l s ,  
co n ta in in g  ? r e a c t iv e ,  12 le s s  r e a c t iv e ,  and 15 u n re a c tiv e  SH groups, 
th e  exac t number in  each group depending upon th e  re a g en t used . The 
r e a c t iv e  group i s  n o t e s s e n t ia l  fo r  a c t i v i t y ,  a lthough  some in h ib i t io n
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can be o b ta in ed  depending on th e  a ssa y  used . P a r t i a l  m o d if ic a tio n  o f 
th e  le s s  r e a c t iv e  group le ad s  to  an a l t e r e d  s t r u c tu r e  and d ecreased  
a f f i n i t y  fo r  DNA, w h ils t  com plete m o d if ic a tio n  o f t h i s  group r e s u l t s  in  
t o t a l  lo s s  o f  a c t i v i t y .
Amino groups have been m odified  w ith  p -n a p h th o q u in o n e -4  -  su lphon ic  
a c id  and c h lo ro f lu o ro -  p » benzoquinone (Ishiham a & H urw itz, 1969), 
f lu o re s c e in  Iso th io c y a n a te  (Xowe, 1974), t r in itro b e n z e n e su lp h o n ic  a c id  
(Krakow, 1973), and s u b s tr a te  analogues co n ta in in g  aldehyde m o e itie s  
(B u ll jcb a l . ,  1975; Venegas e t  1973; Wu & Wu, 1974; Spoor
e t  a l . ,  1970; Nixon a t  a l . ,  1972; Armstrong e t  a l , ,  1974). The
r e s u l t s  w ith  a f f i n i t y  la b e l l in g  amino group re a g en ts  su g g est t h a t  
ly s in e s  a re  p re s e n t  in  th e  i n i t i a t i o n  and e lo n g a tio n  s i t e s .  I'm e s s e n t ia l  
ly s in e ,  w ith  a pKa. o f  7*9, has been id e n t i f i e d  (B u ll e t  a l , ,  1975).
With tr in i tro b e n z e n e su lp h o n ic  a c id  50 ly s in e s  a re  m od ified  w ith  com plete 
lo s s  o f  a c t i v i t y .  DNA p r o te c t io n  a g a in s t  in a c t iv a t io n  has l i t t l e  e f f e c t  
on th e  number o f  ly s in e s  m od ified  (Krakow, 1973).
Tryi^tophan and t h i o l  m o d if ic a tio n  w ith  2 -h y d ro x y -5 -n itro b en zy l 
bromide le ad s  to  a  p r e f e r e n t i a l  in h ib i t io n  o f i n i t i a t i o n  (Novak e t  a l . ,
1974), and im id azo le  m o d if ic a tio n  w ith  diazonium  -  1 -  H te t r a z o l e  
o r  Hose Bengal 4* l i g h t  le a d  to  p r e f e r e n t i a l  lo s s  o f  e lo n g a tio n  
(ish iham a & H urw itz, 1969). P hosp h o ry la tio n  o f one o r more s e r in e  
re s id u e s  o f  cr le a d s  to  a s t im u la tio n  o f t r a n s c r ip t io n  o f T4 DNA 
(M artelo  e t  a l . , 1970; M artelo  a t  al_., 1974).
The su b u n its  and subassem blies oc , p , p , oc p, oc p^ , and pp^ do n o t 
c a ta ly s e  RNA chain  fo rm atio n , pyrophosphate exchange, no r co v alen t 
a d d itio n  o f UTP to  a  p rim er. However oc p ,^ pp^ & p"" a l l  b in d  to  DNA, 
bu t w ith  a low er a f f i n i t y  th an  core enzyme (Y arbrough, 1973).
In  summary th e  p su b u n it has th e  i n i t i a t i o n  s i t e ,  and binds 
in h ib i to r s  and cr. p ^ is  th e  DNA b in d in g  su b u n it. The e lo n g a tio n  s i t e  
may be on p o r p'^ .
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1*2 ,3 .3  I n h ib i to r s ,
There a re  two c la s s e s  o f  RNA polym erase i n h ib i to r s ,  th o se  which 
i n t e r a c t  v/ith  th e  enzyme, and th o se  which i n t e r a c t  w ith  th e  DNA te m p la te ,
A la rg e  number o f  DNA b in d in g  compounds a re  known which a l t e r  i t s  
a b i l i t y  to  a c t  as a  tem plate*  These in c lu d e  actinom ycin  D (G oldberg & 
R eich, 1964) , eth id ium  brom ide, p ro f la v in e  (W aring, 1965), and 
lu te o s k y r in  (Ruet e t  1973), which b lock  e lo n g a tio n , b u t under
c e r ta in  co n d itio n s  can a lso  b lock  i n i t i a t i o n  (R ichardson , 1973).
Enzyme b in d in g  in h ib i to r s  can be d iv id ed  in to  two groups, th o se  which 
b in d  io n ic a l ly  and compete w ith  th e  tem p la te  fo r  enzyme, and th o se  which 
b ind  to  a hydrophobic s i t e .  The f i r s t  group in c lu d e s  RNA, h e p a r in , and 
po ly e th an e  su lphonate  (Cham berlin, 1974 b)* The ansamyciji a n t ib io t i c s ,  
such as rifam y cin  and s t r e p to ly d ig in  (Riva & S i l v e s t r i ,  1972) belong to  
th e  second group, R ifaraycins (F ig  1 ,1 )  a re  p o te n t in h ib i to r s  o f  RNA 
chain  i n i t i a t i o n  which b ind  s tro n g ly  to  th e  enzyme, by a com bination o f 
hydrogen bonds and hydrophobic in te r a c t io n s ,  to  form 1 : 1 complexes 
(B ru fan i ^  a l , ,  1974). S tre p to ly d ig in  (F ig  1 ,1 ) b lo ck s both 
i n i t i a t i o n  and e lo n g a tio n , p ro b ab ly  by b ind ing  to  both  s i t e s  on th e  
enzyme (S id d h ik il  a t  a l . ,  1969). Rifam ycin d e r iv a t iv e s  w ith  long 
hydrophobic s id e  ch ain s can a lso  b lock  tem p la te  b in d in g  (M eilhac &
Ghambon, 1973). O ther hydrophobic in h ib i to r s  in c lu d e  Rose Bengal ( Wu 
& Wu, 1973 a , b ) and p h o sp h o lip id s  ( S tevens, 1975). The po lyan ion  
p o ly  (g lu^ t y r ^ ) i s  a p o te n t i n h ib i to r ,  whereas p o ly  (g lu ) ,  p o ly (a s p ) , 
and p o ly (g lu ^  le u ^ )  do no t i n h i b i t  (-Krakow, 1974). The h igh  a f f i n i t y  o f 
po ly  (glu^ ty r )  may be due to  ty ro s in e  in te r a c t in g  w ith  hydrophobic 
groups in  th e  a c t iv e  s i t e  o f  th e  enzyme. The "complementary" 
p o ly p ep tid e  p o ly  ( ly s  t y r )  b inds s tro n g ly  to  DNA ( s e c t io n  1 ,3 ) .
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F ig  1.1 S tru c tu re  o f  rifam y c in  and s tre p to ly d ig in ,
Me Me Me
M g — C — 0.
Me
Me OH OH
OH OHMeO
Me ,NH
Me
R ifa m y c in  ( I )  R,= - H  R g '-Q -C H g C O O H
R ifa m p ic in  R, = -C H  = N — N N - C H 3 Rg^OH
R = - 0 HR ifa m y c in  S V  R =-N ^  y p
CO OH,CH
CHCONHCH;
CH3
CH.
CM
OH
S trep to lyd ig in
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1 ,3  The ro le  o f  a ro m atic  and b a s ic  aminio a c id s  in  DNA p ro te in  
i n t e r a c t io n s .
1 . 3 .1  In tro d u  c t i o n ,
S ev e ra l mechanisms can be env isaged  f o r  th e  s p e c i f ic  in te r a c t io n
between amino a c id s  and n u c le o t id e s . One could in v o lv e  amino a c id s
being  ab le  to  mimic a l l  th e  norm al in te r a c t io n s  between n u c le o t id e s .
Thus amino a c id s  in  s p e c i f ic  th re e  d im ensional arrangem ents m ight
hydrogen bond %d.th th e  b a se s , w hile  o th e rs  m ight i n t e r a c t  by amino a c id -
base s ta c k in g  in te r a c t io n s .  Many arom atic  m o lecu les, e .g .  th e
p h en an th rid in e s  such as e th id ium  bromide (T ’s a i  e t  a l , , 1 9 7 5 ),aud
actinom ycin  D (S o b e l, 1973), can in te r c a l a te  between th e  bases o f
s in g le  and double s tra n d e d  DNA, and th e  a rom atic  amino a c id s  may be
capable  o f s im ila r  in te r a c t io n s .  Evidence fo r  th e se  in te r a c t io n s ,  as 
C
w e ll as e l e t r o s t a t i c  bonding between b a s ic  aaiiino a c id s  and p hosphates , 
comes from s tu d ie s  on s y n th e t ic  p e p tid e  and p ro te in  n u c le ic  a c id  
i n te r a c t io n s .
1 . 3 .2  P o ly p ep tid e  -  n u c le ic  a c id  in te r a c t io n s ^
As e a r ly  a s  1955 C hargaff and h is  co-w orkers (S p itn ik  _et a l . , 
1955) began to  use  s y n th e t ic  b a sic  polyam ines as  models fo r  s tu dy ing  
th e  in te r a c t io n s  o f  DNA w ith  th e  b a s ic  p ro te in s  which occur in  
chrom atin . Leng & F e ls e n fe ld  ( 1966) were a b le  to  show th a t  p o ly ly s in e  
i n te r a c t s  p r e f e r e n t i a l l y  w ith  A-T, whereas p o ly a rg in in e  favoiu-s G-C r ic h  
DNA. However th e se  m olecules had a low s p e c i f i c i t y ,  and t h i s  le d  to  a 
s tu d y  o f  p o ly p ep tid e s  co n ta in in g  amino a c id s  which could  form hydrogen 
and hydrophobic bonds w ith  n u c le ic  a c id s .
Hydrogen bonding i s  d i f f i c u l t  to  dem onstrate in  aqueous s o lu t io n , 
bu t in  ch loroform  s o lu t io n  ty ro s in e  and c a rb o x y lic  amino a c id s  ( a s p a r t ic  
and g lu tam ic  a c id )  can form hydrogen bonds w ith  aden ine  and u r a c i l
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(S e ll in j .  e t  a l . ,  1973). Hydrogen bonding to  guanine and c y to sin e  have 
n o t been in v e s t ig a te d ,  and no co n clusion  can be draivn about th e  
s p e c i f i c i t y  o f  th e  in t e r a c t io n .
The in d o le  r in g  o f  try p ta n in e  s tac k s  w ith  n u c le o tid e  bases a t  low 
tem p era tu res  (77^K), and t h i s  le a d s  to  c h a r a c te r i s t i c  changes in  th e  
f lu o re sc en c e  and spectrum  (D im ico li & H elene, 1971). S im ila r  changes 
occur in  complexes o f  b a s ic  o lig o p e p tid e s  c o n ta in in g  arom atic  amino 
a c id s  and p o ly n u c le o tid e s  a t  room tem p eratu re  (H élene, 19711 Helene 
e t  a l . , 1971; D im ico li & H elene, 1975 a , b; Gabbay e t  a i . ,  1972).
The observed changes, u p f ie ld  s h i f t s  and l in e  b roadening  o f KM s ig n a ls  
from th e  arom atic  r in g s  o f th e  amino a c id s  and n u c le o t id e s ,  in d o le  
flu o re sc en c e  quenching, and a d ecrease  in  th e  s p e c i f ic  v is c o s i ty  o f th e  
DM, le d  th e  a u th o rs  to  conclude th a t  a rom atic  amino a c id s  were s ta c k in g  
between th e  n u c le ic  a c id s  b a se s . Hélène and liis  co-w orkers (Toulme ej^ a l . ,  
1974; Brun ^  a l . , 1975; Durand e t  a l , ,  1975) have shown th a t  an 
e q u ilib riu m  e x is t s  between in te r c a l a t in g  and p u re ly  io n ic  com plexes. The 
eq u ilib riu m  i s  s h i f te d  tow ards in te r c a l a t io n  w ith  s in g le  s tra n d ed  DNA, 
shovmng th a t  th e s e  p e p tid e s  a re  a b le  to  d is c r im in a te  between th e  h e l ix  
and c o ile d  forms o f  DNA. A la rg e  p a r t  o f  th e  b ind ing  energy fo r  
p o ly p e p tid e  -  DNA complexes a r i s e s  from e l e c t r o s t a t i c  in te r a c t io n s  s in c e  
th ey  a re  s e n s i t iv e  to  io n ic  s tre n g th  and pH.
The a ro m atic  amino a c id s  show some s e l e c t i v i t y  in  t h e i r  s ta c k in g  
in te r a c t io n s  w ith  n u c le ic  a c id s .  Tryptophan p e p tid e s  b ind  to  A-T r ic h  
sequences o f DNA, w h i ls t  ty ro s in e  p e p tid e s  a re  l e s s  d is c r im in a tin g  
(Gabbay ejb a l . , 1973; Novak & Dohnal, 1973; Novak & Dohnal, 1974 a ) , 
M olecular complexes between try p to p h an  and n u c le o tid e s  can be d e te c te d  by 
d if fe re n c e  sp ec tro sco p y , and th ey  have th e  fo llo w in g  o rd e r  o f  s t a b i l i t y  
IMP> CMP> /iMP> TMP> UkîP, (M orita , 1974). Ihe reaso n s  fo r  th e  observed 
s p e c i f i c i t i e s  a re  no t un d ers to o d , and re q u ire  f u r th e r  in v e s t ig a t io n .
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Several reports con trad ict the intercalation model. Jacobsen & bang 
( 1973) found th a t aromatic aiid.no acid  ajmi.des had no e f f e c t  on th e  
sedim entation c o e f f ic ie n t  o f  su p erco iled  DNA, nor on su p erco ilin g  o f  DNA 
closed  by a l ig a s e .  Since an unwinding o f  0*2° per amino ac id  amide 
could have been d etected , and the sm all.est unwinding angle for an 
in te r c a la tin g  base i s  4° fo r  daunomycin ( Saucier ^  1971 b ), they
suggested th a t .intercalation did not occur. However a model has been b u ilt  
in  which in te r c a la t io n  occurs w ithout unwinding (Saucier e t  a l . ,  1971 a ) ,  
and CD measurements on the complexes favour a stack ing mechanism in  which 
the in ter -b a se  d istan ce  i s  not a lte r ed  (Durand e t  a ].., 1974). Sante.lla  
& Li. ( 1974) showed th at ty ro sin e  in  p o ly ( ly s  ty r  ) had l i t t l e  e f f e c t  on 
the s t a b i l i t y  o f the complex with DNA, However th is  may r e s u lt  from the 
nature o f  the polymer s in ce  complex s t a b i l i t y  in  th e  s e r ie s  t y r ( g ly )2_/^  tyr  
is 'g r e a t e s t  for  ty r (g ly )2 ty r  (Novak & Dohnal, 1974 b ) .
Ternary complexes between ATP, Zn , and tryptophan occur in
so lu tio n . Tlie in te r a c tio n  i s  mainly due to  stack ing between the in d o le  
benzene and ATP im idazole r in gs (Naumann & S igal;1974)* These complexes 
may be relevan t to  the mechanism o f RNA polymerase a c tio n  s in ce  i t  contains
e s s e n t ia l  Zn(^l) (Scrutton ^  , 1971), and the ATP im idazole ring i s
e s s e n t ia l  for correct recogn ition  a t the in i t ia t io n  s i t e  (Chamberlin, 
1 9 7 4 b ) .
1. 3.3 Protein  -  n u c le ic  a c id  in te r a c tio n s .
Aromatic amino acids are found in  the a c t iv e  s i t e s  o f  DNA, RÎ^ A, and 
n u cleo tid e  binding p r o te in s , but in  most cases th e ir  function  i s  unloiown. 
The b est inform ation comes from X-ray crj'-stallographic s tu d ies  on 
staphylococcus nuclease and flavodoxin , and a d d itio n a l inform ation  
should soon be a v a ila b le  for  some n u cleotid e  binding enzymes (Rossman e t  
a l . ,  1974) and an amino-acyl. t-RNA syn th etase . Chemical m odification  has 
been applied  to  a greater number o f  enzjmies, but although i t  i s  p o ss ib le
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to  d ecide  t h a t  an am ino-acid  i s  e s s e n t i a l ,  i t  i s  d i f f i c u l t  to  
d i f f e r e n t i a t e  between a  d i r e c t  b in d in g  ro le  and an in d i r e c t  e f f e c t  
th rough  th e  ml.croenvironment o f th e  a c t iv e  c e n tr e .  For example, 
cheiiD.cal m o d if ic a tio n  suggested  th a t  ty ro s in e  re s id u e s  in  flavodo.xin 
were in v o lv ed  ir . s u b s tr a te  bindj.ng, w h ils t  X -ray c ry s ta llo g ra p h y  showed 
th a t  th ey  were to o  f a r  away from th e  b ind ing  s i t e  f o r  them to  be in v o lv ed  
(B u rn e tt e t  a l , ,  1974). N u c leo tid e  quenching o f p ro te in  f lu o re sc en c e  
i s  o c c a s io n a lly  observed , b u t t h i s  in fo rm atio n  i s  ambiguous because th e  
e f f e c t  may be d i r e c t ,  o r  in d i r e c t  th rough  th e  s t ru c tm ’e o f  th e  p r o te in ,
A number o f  DNA b in d in g  p r o te in s ,  in c lu d in g  h is to n e s , fd  gene 5 
p ro te in ,  DNA ase  I ,  l a c  re p re s s o r  and staphy lococcus n u c lea se  have been 
shown to  have b a s ic  and aroma-tic amino a c id s  which i n t e r a c t  w ith  th e  DNA. 
E le c t r o s ta t i c  bonding by c a l f  thymus h is to n e s  can be dem onstrated  w ith  
co m p etitiv e  l a b e l l in g  experim en ts, which show t h a t  th e  ly s in e  S-NN^ 
groups in  c a l f  thymus DNA-histone complexes have abnorm ally  h igh  pKa 
v a lu e s , (Malchy & Kaplan, 1974). Hydrophobic bonding i s  dem onstrated  
by th e  d i f f e r e n t  s e n s i t i v i t i e s  o f h is to n e s  F I , and F3 and F2al to  s a l t ,  
p ro p a n - l-o l  and u re a  d is s o c ia t io n .  FI has more p o s i t iv e  and l e s s  
hydrophobic groups th an  F3 o r F 2 a l, and i s  more e a s i ly  d is s o c ia te d  by 
s a l t ,  b u t n o t as  e a s i ly  by u re a  and p ro p a n - l-o l  (B a r tle y  & Chalkey, 1972). 
Phosphorescence and d if f e r e n c e  sp ec tro sco p y  sug g est t h a t  ty ro s in e s  a re  
invo lved  in  th e  in te r a c t io n s  (Matsuyama & N agata, 1970; P a lau  & Padros,
1975). The a f f i n i t y  o f fd  gene 5 p ro te in  fo r  DNA i s  low ered by s a l t ,  
a c é ty la t io n  o f amino groups, and n i t r a t i o n  o f  ty r o s in e ,  b u t n o t by th e  
in tro d u c tio n  o f  a  f lu o ro  group on ty ro s in e  (Anderson e t  1975).
The n i t r o  group has a  g re a te r  a f f e c t  th an  th e  f lu o ro  group on th e  " th ic k n ess"  
o f  th e  phenol s id e  ch a in , and would be more d is ru p t iv e  to  in t e r c a l a t i o n .  
N itr a t io n  a lso  i n h ib i t s  th e  a c t i v i t y  o f  DNAase I  (H ug li & S te in , 1971).
P r o te o ly t ic  d ig e s t io n  ( P l a t t  e t  a l . ,  1973) and g e n e tic  s tu d ie s  
(M u lle r -H ill  e t  a l . ,  1968; Davies & Jacob, 1968; A dler e t  a l . ,  1972)
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su g g est th a t  th e  amino te rm in a l 50 re s id u e s  o f  la c  re p re s s o r  a re  
re sp o n s ib le  fo r  complex fo rm ation  m th  DNA, The re g io n  i s  unusual in  
th a t  i t  c o n ta in s  50 % o f th e  ty ro s in e s ,  bu t o n ly  20 % o f  th e  m olecu le . 
Model b u ild in g  s tu d ie s  p la c e  th e se  ty ro s in e s  in  a p o s i t io n  where th ey  
a re  a b le  to  i n t e r c a l a t e  w ith  th e  DNA (P a te l ,  1975; Chou e t  a l , ,  1975). 
Furtherm ore m utant rep lacem ent o f  ty r -1 7  w ith  g ly , s e r  o r  le u  (Chou e t  
a l . ,  1975), and io d in a tio n  o f  t y r  -7> -1 2 , - I ?  (F anning , 1975), le a d  to  
lo s s  o f  re p re s s o r  a c t i v i t y .
S tu d ies  w ith  s taphy lococcus n u c lease  i l l u s t r a t e  th e  p i t f a l l s  o f 
i n d i r e c t  evidence fo r  s ta c k in g  in te r a c t io n s .  F lu o rescence  quenching 
(Pong, 1970) ,  chem ical m o d if ic a tio n  (C u atrecasas ^  s i , ,  1968, 1969) 
and NMR (Markelqy^& Ja rd e tsk y , 1970) in d ic a te  th a t  ty ro s in e s  a re  invo lved  
in  s u b s t r a te  b in d in g , b u t acco rd ing  to  Arnone ( l9 7 l )  th ey  do n o t form 
s ta c k in g  in te r a c t io n s  w ith  th e  s u b s t r a te s .  M o d ific a tio n  s tu d ie s  vd th  
p a n c re a tic  RNA ase  in d ic a te  t h a t  a rom atic  amino a c id s  in  p ro te in s  may 
p rov ide  s e l e c t i v i t y  f o r  s u b s t r a te s .  Replacement o f  phe-120 (which i s  
in  a  p o s i t io n  to  i n t e r a c t  w ith  py rim id ine  bases , Moore & S te in , 1973) 
w ith  t y r -120 e i th e r  s y n th e t ic a l ly ,  o r  n a tu r a l ly  in  g i r a f f e  RNA a se , le ad s  
to  no lo s s  o f  a c t i v i t y ,  bu t a  marked change in  s e l e c t i v i t y  fo r  U as 
opposed to  C re s id u e s  (Hodges & M e r r if ie ld , 1974).
A number o f  n u c le o tid e  b ind ing  p ro te in s  have been s tu d ie d  by X -ray 
d i f f r a c t io n ,  chem ical m o d if ic a tio n , and d if fe re n c e  sp ec tro sco p y .
Chemical m o d if ic a tio n  shows th a t  t y r  and t r p  in  c l o s t r i d i a l  flavodox in  
a re  e s s e n t ia l  fo r  FM b in d in g . X -ray c ry s ta llo g ra p h y  shows th e  r in g s  o f 
t rp -9 0  and FMN a re  im p e rfe c tly  s tack ed , th e  an g le  between them i s  2?^ 
(B u rn e tt e t  a l ,  1974). F lavodoxin  from D e su lfo v ib ris  v u lg a r is  has 
t r p -80 in s id e  and ty r -9 8  o u ts id e  th e  FI# b ind ing  s i t e .  T yr-98 i s  n e a r ly  
co p lan a r, bu t t rp -8 0  i s  a t  45° to  th e  p lane  o f  th e  FI# r in g .  Any 
r o ta t io n  o f trp -8 0  would p ro b ab ly  le ad  to  a con fo rm atio n a l change
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(VJatenpaugh e t  a l . ,  1973). N i t r a t io n  o f  an a c t iv e  s i t e  ty ro s in e  in  
a rg in in e  Icinase i n h ib i t s  n u c le o tid e  b in d in g , p o s s ib ly  due to  a 
con fo rm ationa l change (Kassab e t  a l . ,  1970). S p ec tro sco p ic  s tu d ie s
wi.th heavy meionnycin, an a c t iv e  fragm ent of m yosin, su g g es ts  th a t  adenine 
s ta c k s  w ith  t r p  during 
Yoshino e t  al., 1972),
ring  th e  Mg"^ ATP ase  re a c t io n  (M orita  e t  a l . ,  1973;
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1 .4  Chemical m o d if ic a tio n  in  th e  s t udy o f m acrom olecular s t r u c tu r e  and 
fu n tio n .
1 ,4 .1  Chemical m o d if ic a tio n  o f  p r o te in s .
Chemical m o d if ic a tio n  has been used  to  id e n t i f y  th e  amino acids iivolved 
in  c a ta ly s is  and s u b s tr a te  b in d in g , to  s tu d y  p ro te in  s t r u c tu r e ,  to  
p rep a re  in s o lu b le  enzymes, to  in tro d u ce  hap tens in to  p ro te in s  to  enhance 
t h e i r  im m unogen!city , and to  in tro d u c e  heavy m eta ls  fo r  X -ray 
c ry s ta llo g ra p h y  (Means & Feeney, 1971). However th e  tech n iq u e  has many 
l im i t a t i o n s ,  and th e y  need to  be r e a l i s e d  so t h a t  r e s u l t s  can be c o r r e c t ly  
in te r p r e te d .
Few re a g e n ts  a re  s p e c i f ic  fo r  a  fu n c tio n a l group. T he ir behaviour 
can on ly  be p a r t i a l l y  p re d ic te d  from t h e i r  s p e c i f i c i t y  w ith  model p e p tid e s  
and p ro te in s  because th e  lo c a l  environm ent of each group w i l l  a f f e c t  i t s  
r e a c t iv i t y ,  and t h i s  w i l l  vary  from p ro te in  to  p r o te in .  Hence, in  alm ost 
every  case , th e  s p e c i f i c i t y  o f  a  re a g e n t must be c a r e f u l ly  checked. The 
behaviour o f a  re a g e n t a lso  depends upon th e  env ironm enta l c o n d itio n s , 
and th e se  have to  be c a r e fu l ly  chosen in  most c a se s . F in a l ly  i t  i s  o f te n  
d i f f i c u l t  to  dec id e  how th e  m o d if ic a tio n  i s  a f f e c t in g  th e  a c t i v i t y .  The 
m odified  group may be in v o lv ed  in  c a ta ly s i s ,  b in d in g , o r  in  m aintenance o f 
s t r u c tu r e .  In  g e n e ra l th e  la r g e r  th e  p ro te in ,  th e  g re a te r  w i l l  be th e  
d i f f i c u l t i e s  in  re so lv in g  th e  e f f e c t s  o f  m o d if ic a tio n s .
The s p e c i f i c i t y  o f a re a g en t tow ards a p ro te in  i s  determ ined  by 
th e  environm ent o f  th e  fu n c tio n a l  groups. N on-po lar, charged, hydrogen 
bonding, and bulky neighbours can a f f e c t  th e  r e a c t i v i t y  o f  an amino a c id , 
and they  can a ls o  a l t e r  th e  r e a c t i v i t y  o f th e  re a g e n t by s e le c t iv e  
a b so rp tio n , e l e c t r o s t a t i c  a t t r a c t i o n  o r re p u ls io n , and by c a ta ly s i s .
These p ro p e r t ie s  can o f te n  be e x p lo ite d  to  in c re a s e  th e  s p e c i f i c i t y  o f  a 
re a g e n t. For exainple p y rid o x a l phosphate i s  more s p e c i f ic  th an  
tr in itro b e n z e n e su lp h o n ic  a c id  in  th e  m o d if ic a tio n  o f  th e  ly s in e  groups
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o f RNA polym erase, p ro b ab ly  because i t  mimics th e  hydrophobic and b a s ic  
p ro p e r t ie s  o f th e  s u b s t r a te s  and binds to  a l im ite d  number o f s i t e s  
( s e c t io n  1 .2 .3 .2  ; B u ll ^  a l . , 1975),
The s p e c i f i c i t y  o f a re a g e n t can sometimes be in c re a se d  by choosing 
th e  a p p ro p r ia te  experimaental c o n d itio n s . With r e a g e n ts ' th a t  r e a c t  w ith  
th e  unpi’otonated form of a n u c leo p h ile  a l t e r in g  th e  pH w i l l  a l t e r  th e  
groups which w i l l  r e a c t .  At low pH try p to p h an  and m eth ion ine  a re  most 
s e n s i t iv e  to  p h o to s e n s i t is e d  o x id a tio n  (Sluytei'm an, 1962), and a lk y la t io n  
(Gurd, 1967) .  When th e  pH i s  r a is e d  h i s t id in e ,  ty r o s in e ,  and ly s in e  
become more r e a c t iv e .  E le c t r o p h i l i c  re a g e n ts , such as N-bromosu ccin im ide, 
a re  o f te n  le s s  s e n s i t iv e  to  pH c o n tro l  (W itkop, 1961). The s p e c i f i c i t y  
can o c c a s io n a lly  be in c re a se d  by r e v e r s ib ly  p ro te c t in g  a more r e a c t iv e  
group. Kassab e t  a l .  ( l9 7 0 ) found th a t  te tra n itro m e th a n e  
p r e f e r e n t i a l l y  o x id ise d  th e  t h io l s  o f  a rg in in e  k in a se . By r e v e r s ib ly  
p ro te c t in g  th e  th io l s  w ith  t e t r a th io n a te  th e y  were a b le  to  r e s t r i c t  
m o d if ic a tio n  to  th e  n i t r a t i o n  o f ty r o s in e s .
A v a r ie ty  o f a n a ly t ic  tech n iq u es  have been used to  check th e  
s e l e c t i v i t y  o f m o d if ic a tio n . Continuous m on ito ring  o f  a re a c t io n  by 
spectropho tom etry  i s  a sim ple and u s e fu l  te ch n iq u e , bu t few re a g en ts  a re  
luiom  which produce d e r iv a t iv e  s p e c tra  s u f f i c i e n t ly  d i f f e r e n t  from the  
reag en t to  be much u se . An example o f  such a reag en t i s  5 ,5 -d ith io b is  
(2 -n itro b e n z o ic  a c id )  (see  c h ap te r  4 )* O ther, l e s s  d irec t,m e th o d s  a re  
amino a c id  a n a ly s is ,  c o n tro l le d  p r o te o ly s is  fo llow ed  by i s o la t io n  and 
d e te c t io n  o f  th e  m od ified  p e p tid e s ,  and in c o rp o ra tio n  o f a ra d io a c tiv e  
la b e l  (see  c h ap te rs  4 and 5 ) .  A good c r i t e r io n  o f  s p e c i f ic  m o d if ic a tio n  
i s  com plete r e v e r s i b i l i t y  o f  th e  m o d if ic a tio n  w ith  t o t a l  re co v ery  o f 
a c t i v i t y ,  5 ,5 - d i th io b is  (2 -n itro b e n z o ic  a c id )  i s  a r e a d i ly  r e v e r s ib le  
reag en t (c h a p te r  4 ) ,
Once i t  has been e s ta b lis h e d  th a t  a re a g en t i s  capab le  o f 
in a c t iv a t in g  an enzyme, th e  n ex t goal i s  to  c o r r e la te  th e  in a c t iv a t io n
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vrith th e  m o d if ic a tio n  o f  one o r a group o f  amino a c id s .  O ften th e  f i r s t  
group to  r e a c t  causes in a c t iv a t io n ,  bu t in  some cases th e  m ost re a c t iv e  
groups a re  n o t in v o lv ed  in  a c t i v i t y .  With f ru c to s e  d iph o sp h atase  6 ou t 
o f th e  10 ty ro s in e s  a re  a c e ty la te d  by N -ace ty liiïiid azo le  id th o u t  lo s s  
o f  a c t i v i t y .  F u r th e r  m o d if ic a tio n  le ad s  to  in a c t iv a t io n  (P on trem oli e t  
a l . ,  1966) .  I d e a l ly  both  th e  r a t e  and s to ic h io m e try  o f  m o d if ic a tio n  
should  be c o r re la te d  w ith  th e  lo s s  o f  a c t i v i t y .  An example o f  unusual 
behav iour i s  th e  m o d if ic a tio n  o f E. c o l i  try p to p h an  sy n th e ta se  vd th  
-  N -, e th y lm ale im ide , In c o rp o ra tio n  o f one mole p e r  mole o f  
reag en t re su lte d  in  com plete lo s s  o f  a c t i v i t y ,  y e t  frag m en ta tio n  showed 
th a t  th r e e  t h i o l s  had p a r t i a l l y  re a c te d  (Hardman & ïanofsÎQr, 1965).
Once m o d if ic a tio n  has been c o r re la te d  w ith  lo s s  o f  a c t i v i t y ,  i t  i s  
n ecessa ry  to  e s ta b l is h  th e  cause of in a c t iv a t io n .  I n a c t iv a t io n  may have 
r e s u l te d  from a con fo rm ationa l change, lo s s  o f  s u b s t r a te  b in d in g , 
su b u n it d is s o c ia t io n ,  o r m o d if ic a tio n  o f  a group in v o lv ed  in  a c t i v i t y .
I t  i s  o f te n  d i f f i c u l t  to  s e p a ra te  th e se  e f f e c t s  unam biguously. A 
v a r ie ty  o f tech n iq u es  can be used to  s tu d y  s t r u c tu r a l  changes, in c lu d in g  
g e l f i l t r a t i o n ,  u l t r a c e n t r i f u g a t io n ,  o p t ic a l  ro ta ry  d is p e r s io n , 
c i r c u la r  d ich ro ism , f lu o re sc e n c e , n u c le a r  m agnetic reso n an ce , hydrogen 
exchange, v is c o s i ty ,  and X -ray d if f ra c tio n . The l im i t a t i o n s  o f  each 
tech n iq u e  must be co n sid ered  in  in te r p r e t in g  th e  e f f e c t s  o f m o d if ic a tio n . 
S u b s tra te  b in d in g  can be m easured by a number o f  te ch n iq u es  (c h a p te r  4 ) « 
Reagents va ry  in  t h e i r  a b i l i t y  to  cause s t r u c tu r a l  changes. A m idination 
o f ly s in e s  ivLth m ethyl a c e tim id a te  le ad s  to  no change in  charge and hence 
presum ably minimum p e r tu rb a t io n  o f  s t r u c tu r e  (H unter & Ludwig, 1972), 
w h ils t  su c c in y la tio n  produces a n e t change o f  two charge u n i ts  and can 
r e s u l t  in  d isa g g re g a tio n  (F re ish e im  ^  a l . ,  196?). The p ro p e r t ie s  o f  
m ethyl a ce tim id a te  can be e x p lo ite d  in  d i f f e r e n t i a l  l a b e l l in g ,  a 
tech n iq u e  used to  id e n t i f y  amino a c id s  in  th e  a c t iv e  s i t e  o f an enzyme.
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Dworschack et, (1975) m od ified  th e  ly s in e s  o u ts id e  th e  a c t iv e  s i t e
o r ho rse  l i v e r  a lc o h o l dehydrogenase by re a c t in g  th e  s u b s tr a te  p ro te c te d  
enzyme %vith e th y l ace tirid .d a te . A fte r  th e  removal o f  s u b s tr a te s  a s in g le  
ly s in e  rem ained a v a i la b le  to  m o d if ic a tio n  vd,th m ethyl ■“ a c e tim id a te .
Chemical m o d if ic a tio n  can a ls o  be used to  s tu d y  th e  s t r u c tu r e  o f a 
p ro te in .  The re la t iv e  r e a c t iv i t ie s  o f , fo r  example, th e  t h i o l s  o f a 
p ro te in  gives some in fo rm a tio n  about t h e i r  r e l a t i v e  d i s t r ib u t io n  between 
th e  su rfa c e  and i n t e r i o r  o f a p ro te in  ( s e c t io n  1 .2 .3 ° 2 ) .  Changes in  th e  
number o f  exposed and b u ried  groups can be used to  s tu d y  con fo rm ationa l 
changes (c h a p te r  4)» B ifu n c tio n a l re a g en ts  can be used  to  e s ta b l i s h  
th e  p ro x ii i i ty  o f  fu n c tio n a l groups, o r  su b u n its  o f  a  m u ltim eric  p r o te in .  
N i t r a t io n ,  re d u c tio n , and c ro s s lin k in g  o f ty r-8 5  and ty r-1 1 5  o f  
staphycoccus n u c lea se  was used to  e s ta b l is h  t h e i r  p ro x in û ty  (C u a trecasas  
e t .  a l . ,  1968) ,  C ro ss lin k in g  o f a ld o la se  w ith  d im ethy l su b erim id a te  
resu lted  in  4 s p e c ie s , co rrespond ing  to  monomer, dim er, t r im e r ,  and 
te tra m e r , confirm ing  o th e r  evidence fo r  t h i s  enzyme being  a te tra m e r 
(Davies & S ta rk , 1970).
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1 .4 .2  Formaldehyde as  a probe o f  DNA*^rotein i n t e r a c t io n s .
S ince form aldehyde was o r ig in a l ly  shown to  r e a c t  w ith  n u c le ic  a c id s  
(F raen k e l-C o n ra t, 1954) i t  has been used fo r  many p u rp o se s . Examples o f  
th e se  a re  to  in a c t iv a te  v iru s e s  to  produce v a cc in e s ; to  labe], non 
hydrogen-bonded reg io n s  in  RNA; to  study  th e  dynamic s t r u c tu r e  o f DNA; 
to  q u a n t i ta te  th e  e x te n t o f  DNA m o d if ic a tio n  vd th  n u c le a se s . X -rays and 
u l t r a v i o l e t  l i g h t ;  and to  s tu d y  p ro te in -n u c le ic  a c id  in te r a c t io n s  in  
v iru s e s ,  ribosom es, and chrom atin (Feldman, 1973)*
Formaldehyde i s  one o f  th e  s im p le s t knowi DNA d é n a tu ra n ts . The 
ch em istry  o f  th e  r e a c tio n  has been s tu d ie d  by s e v e ra l  groups (Feldman, 
1973) and most r e c e n t ly  by McGee & von H ippel ( 1975a, b)« Formaldehyde 
r e a c ts  w ith  th e  e x o cy c lic  amino groups o f  A, G, & C re s id u e s , and w ith  
th e  en d o cy c lic  imino groups o f T and G,by s u b s t i tu t io n  o f  a  hydrogen atom 
w ith  th e  m eth y lo l group ( -  CHpOH). R eaction  w ith  th e  ex o cy c lic  group 
can le a d  to  mono- and d i - s u b s t i tu t io n ,  bu t th e  e q u ilib r iu m  c o n s ta n ts  a t  
25°C favour th e  m o n o su b stitu tio n . S ince th e  mono adduct i s  ru p la n a r w ith  
th e  h e te ro c y c lic  r in g  i t  can e x i s t  in  two iso m eric  form s, on ly  one o f 
which i n t e r f e r s  w ith  th e  fo rm ation  o f  norm al W atson-Crick base p a i r s ,  
S te r i c  h ind rance  ap pears  to  favou r th e  isom er which i n t e r f e r e s  w ith  
norm al hydrogen-bonding. The proposed mechanism fo r  th e  r e a c t io n  i s  th a t  
form aldehyde approaches th e  base p e rp e n d ic u la r  to  i t s  p la n e , an 
in te rm e d ia te  z w it te r io n  i s  formed, which th en  r e v e r ts  to  th e  p la n a r  
a d d u c t. In  th e  case o f  imino groups th e  form aldehyde m olecule r e a c ts  
w ith  th e  n e g a tiv e ly  charged form , and th e  charged in te rm e d ia te  i s  
, r a p id ly  p ro to n a te d  to  form th e  p ro d u c t. S in ce , in  one ca se , th e  
in te rm e d ia te  i s  t e t r a h e d r a l ,  and in  th e  o th e r , io n i s a t io n  o f  a  group 
norm ally  in v o lv ed  in  hydrogen bonding i s  re q u ire d , th e  re a c t io n  i s  
in h ib i te d  by normal base  s ta c k in g .
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The re a c tio n  w ith  DMA on ly  occurs in  denatu red  re g io n s , i s  non- 
c o o p e ra tiv e , and has l i t t l e  s p e c i f i c i t y .  C h a r a c te r is t ic  absorbance changes 
occur due to  adduct fo rm atio n  and DNA unm nding , which can be used to  
fo llo w  th e  ld .ne tle s  o f  th e  r e a c t io n .  These p ro p e r t ie s  have been u s e fu l  
in  s tu d y in g  th e  s t r u c tu r e  and s t a b i l i t y  o f  th e  DNA h e l ix  (la%url<in e t  
a l . ; 1970; Dean & bebow ita, 1971; von N ippel & Wong, 1971; Utiyama & 
Doty, 1971) .  These s tu d ie s  show th a t  n a tiv e  DM has t r a n s ie n t  re g io n s  
in  which about n in e  base p a i r s  open c o o p e ra tiv e ly , and th a t  su p e rc o ilin g  
forms a re a s  which a re  perm anently  open. D efects a ls o  a c t  as 
perm anently  open re g io n s , and can be in tro d u ced  by DM ase  d ig e s t io n  
(Bannikov & T rifo n o v , 1969), uv i r r a d i a t i o n  (Jo n k er & Blok, 1975), and 
th e  b ind ing  o f p ro te in s  such as RNA ase  (Kosaganov ^  a d . ,  1969), and 
RNA polym erase (Kosaganov e t  1971).
S ince form aldehyde m e ltin g  can be re a d i ly  fo llow ed  by s p e c tro ­
photom etry , and a k in e t ic  a n a ly s is  has been re p o r te d  which could  be used 
to  obtad.n q u a n t i ta t iv e  in fo rm atio n  (T rifo n o v  e t  a l . ,  1968), form aldehyde 
m e ltin g  may be u s e f u l  as. an a ssay  fo r  RNA polym erase.
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1 .5  Scope o f the T hesis.
RNA polymerase i s  a complex, h igh ly  con tro lled  enzjnfie, which in te r a c ts  
with n u c le ic  ac id s ivlth varying degrees o f s p e c i f i c i t y .  To gain  an 
in s ig h t  in to  the p rop erties  o f  the enzyme i t  was p red icted  from work on 
model systems (sy n th e tic  p ep tid es) and p ro te in s , from the s e n s i t iv i t y  
o f PîI'ïA polymerase to hydrophobic in h ib ito r s , from flu orescen ce  quenching, 
and from i t s  io n ic  p ro p er tie s , th at the aromatic and b asic  amino acids  
o f niA p o l^ ierase  would be involved  in  i t s  a c t iv i t y .  Chemical 
m od ifica tion , w ith N-bromosuccinimide (chapter 4 ) , was used to  in v e s t ig a te  
the aromatic amino acid s tryptophan and ty r o s in e , and, w ith methyl 
acetim idate (chapter 5 ), th e  b asic  amino acid ly s in e .  The enzjune^ a b i l i t y  
to  destabilise theDNA h e l ix  was ex p lo ited  in  an in v e s tig a tio n  o f  the 
k in e t ic s  o f formaldehyde m elting as a probe o f RNA polymerase-DNA 
in ter a c tio n s  (chapter 6 ) ,
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C H A P T E R  2.
M A T E R I A L S  A N D  M E T H O D S ,
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2 ,1 . M a te r ia ls ,
M a te ria ls  were o b ta in ed  from th e  foUl-owing commercial s u p p lie rs  :
U l t r a f i l t r a t i o n  membranes 
PMIO & PM30,
Amicon L td . ,
High Wycombe,
Bucks 0,
U.K.
Aimiour P h arm aceu tica l Co. L td . ,  Bovine Serum Albumin, 
E astbou rne ,
Essex ,
U.K.
BDH Chemicals L td .,
P oo le ,
D o rse t,
U.K.
Ammonium su lp h a te  (enzyme g ra d e ) , 
"Cyanogum" 41;
4 -  D ijiiethylajninobenzaldehyde, 
(AnalaR),
5, 5 -  D ith io b is (  2 -  n itro b e n z o ic  
a c id ) ,
£  -  DNP ly s in e ,
F o lin  & C io ca lteu s  Phenol R eagent, 
Formaldehyde s o lu t io n ,
Guanidiue h y d ro ch lo rid e  ( s p e c ia l ly  
p u re ) .
H ydrochloric  a c id  (AV3 5N, CVS IN, & 
A r i s t a r ) ,
Hydroxylamine hyd i'och lo ride
(re a g e n t g ra d e ),
Lysozyme,
NN'~ M ethyleneb isacry lara ide , 
Polyethylene ^ y c o l  20M,
Sodium hydrox ide  (CVS IN ),
NNNN*" -  T etram ethylenediam ine,
Urea,
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B io, R ad ,, B io-G el
Richmond, Mixed Bed R esin AG 501 -  X8 (D ),
C a l ifo rn ia ,
U.S.A.
The B oehringer C o rp o ra tio n  (London) L td . ,
B e l l  Lane,
Lewes,
E a s t Sussex,
U.K.
Camlab L td . ,  S i l i c a - g e l  G th in  la y e r  p la te s
N u ff ie ld  R d,,
Cambridge,
A denosine -  5 -  trip h o sp h a te , 
A ldo lase  ( r a b b i t  m uscle). 
Guanosine -  5 -  tr ip h o sp h a te .
U.K.
Eppendorf G eratebau N e th e le r  
■h Hiz GmbH,
■ 2 Hajjiburg 63,
W. Geraiany.
George T. G urr,
S e a r le  S c ie n t i f i c  S e rv ic e s , 
High Incombe,
Bucks.,
U.K.
In te r n a t io n a l  Enzymes L td .,  
W indsor,
B erk s .,
U.K.
Johnsons o f Hendon,
Hendon,
London,
U.K.
C on ical p l a s t i c  tu b es  ~ 
Eppendorf R eac tio n sg e fa sse
Araido ™ Black lOB,
Goomassie B r i l l i a n t  Blue (r ) .
C y tid in e  -  5 -  t r ip h o s p h a te .  
U rid ine  -  5 -  tr ip h o s p h a te .
pH p ap er, narrow  range 
(6*8 -  8*3, à  8*0 -  9 '1 ) .
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Koch-Light la b o ra to r ie s  L td .,  
Colnbrook,
U.K.
N uclear E n te rp r is e s  (GB) L td .,  
S ig h t h i l l ,
Edinburgh,
U.K.
Pharm acia F ine Chem icals AB, 
U ppsala,
Sweden.
Rohm and Haas (UK) L td .,
Lennig House,
2 , Mason A v.,
Croydon,
S u rrey ,
U.K.
Spectrum M edical In d u s t r ie s  L td . , 
6O916 Term inal Annex,
Los A ngeles 90024;
U.S.A.
The Radio chem ical C en tre ,
Amer sham,
U.K.
D eoxyribonucleic  a c id  from calf™ 
thymus,
2, 5 -  D iphenyloxazole,
M ercaptoethanol (p u re ) .
M ethanesulphonic a c id  (p u re ) . 
Toluene ( p u r i s s ) ,
T r ic h lo ro a c e tic  a c id ,
Tiyptaniine h y d ro ch lo rid e  (p u re ) 
Hyamine h y d ro x id e .
DEAE -  Sephadex A25, 
D ex tran -b lue ,
Sephadex G25, G50, G20Û, 
Sepharose 6B.
T r ito n  Z-100,
S p ec trap o r 2 membrane.
Adenosine -  5 -  
tr ip h o sp h a te ,
[5"^h] U rid ine  -  5 -  
tr ip h o s p h a te .
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S a r to r iu s  M eiabranfliter GmbH, 
G o ttin g e r,
W. Germany.
The S c ie n t i f i c  In strum en t C entre  L td .,  
1 , Leeke S t r e e t ,
London,
U.K.
Sigma London Chem ical Company L td .,  
Kings ton~upon~Tharae s ,
S u rrey ,
U.K.
Membrane f i l t e r s  
(0*45p- pore  s i z e ) .
Whatman B iochem icals L td .,  
M aidstone,
Kent,
U.K.
W orthington B iochem icals C orp ., 
F reeh o ld ,
New Je rse y ,
U.S.A.
D ia ly s is  tu b in g  (V isk ing),
Agarose ( f o r  use  in  
e le c t ro p h o r e s is ) ,
Albumin, egg (g rade  V), 
D eoxyribonucleic  a c id  from 
calf-thym us ( typ  e l ) ,  
D i th io th r e i t o l ,  .
S u b t i l i s i n ,
Therm olysin,
TRIZMA b a se .
DEAE -  c e l lu lo s e  (DE 52), 
F i l t e r  p ap er (N o .l) ,
F i l t e r  p ap er (a c id  hardened. 
No.52 ),
G la s s - f ib re  f i l t e r s  (GF/C & 
GF/F, 25 mm), 
P h o sp h o ce llu lo se  P 11,
Chym otrypsin.
D eoxyribonucleic  a c id  from 
ca lf-th y m u s.
T ry p sin .
A ll u n l is te d  chem icals were "AnalaR" grade from BDH
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2 .2 .  M ethods.
2 .2 .0 1  AnD-no-acid a n a ly s is .
The am ino-acid  co n ten t o f  RNA polym erase v/as de term ined  u s in g  th e  
m ethanesulphonic a c id  -t tryp tam ine  h y d ro ch lo rid e  method (L iu  e t  a l , ,  
1972) ,  and th e  h y d ro ch lo ric  a c id  i  2 -m ercap toethano l im thod.
H ydro lysis  perform ed in  heavy w alled  tu b es  (0*9 x  10 cm) which had 
been washed iv ith  H^SO^ : HNO^  ( 3 : l ) ,  r in s e d  vdth  d i s t i l l e d  water, and 
oven d r ie d ,  RNA polym erase was e x te n s iv e ly  d ia ly se d  in to  0*5 % 
ammonium b ic a rb o n a te , and 0=5 mg samples were f r e e z e -d r ie d  in  th e  
h y d ro ly s is  tubes*
0*5 Eig sam ples were hydro lysed  in  0*5 ml. o f 4M m ethanesulphonic 
a c id  c o n ta in in g  0*5 mg o f try p tam in e  hydro c h lo r id e , The sam ples were 
f lu sh e d  w ith  oxj^rgen-free n itro g e n  and evacuated to  120 pmHg tw ic e . 
D u p lica te  sam ples were hydro lysed  fo r  48, 72, and 96 h a t  110°C, The 
sam ples wez’e coo led  to  O^G, and th e  pH was a d ju s te d  to  2*0 -  2*2 w ith  
co o lin g . The sam ples were an a ly sed  on a J e o l JLG S AH atmino-acid 
a n a ly se r  (Japan  E le c tro n  O ptics  L abora tory  Go* L td .,  Cirlyado-dü, Tokyo, 
J a p a n ), Tryptophan was e lu te d  m anually , from th e  sh o r t  column, a t  60°G, 
0*5 mg sam ples were a lso  hydro lysed  in  0=5 ml h y d ro c h lo ric  a c id  ( l  
volime A r is ta r  HGl i 1 volume d i s t i l l e d  w a te r) c o n ta in in g  1 % 2 - 
m ercap to e th an o l. D u p lica te  samples were hydro lysed  fo r  24, 48, and 
72 h a t  llO^C, th e  HGl was removed under vacuum, and the  samples were 
an a ly sed  as  above,
2 .2 .0 2  B in d in g -co n stan t d e te rm in a tio n .
The b in d in g -c o n s ta n ts  fo r  n u c leo s id e  tr ip h o sp h a te s  and RNA 
polym erase (c o re )  were determ ined  by th e  method o f Hummel and D reyer 
( 1962) (se e  2 , 2 . 04) ,  and by equilôErium  d ia ly s is  u s in g  two m ethods.
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In  th e  f i r s t  metliod a sm all volume, in  a  s p e c ia l ly  c o n s tru c te d
c e l l ,  was d ia ly se d  a g a in s t  an excess o f  bu ffer*  The ce ll, was made from
a 1 dram v ia l  (Johnson & Jergensen  L td .,  Ijondon, U .K .), whose bottom
had been removed. The top  was sea le d  w ith  V isking tu b in g  and an "0"
r in g .  The v i a l  was in v e r te d  and supported  over th e  d ia ly s i s  s o lu t io n ,
id-th th e  d ia ly s i s  membrane j u s t  below th e  s u r fa c e . Only th e  d ia ly s i s
b u f f e r  was s t i r r e d ,  b u t th e  geometry o f  th e  a p p a ra tu s  was such th a t
e q u ilib riu m  was a t ta in e d  in  an a cc e p tab le  tim e i n t e r v a l .  The r a t e  o f
e q u i l ib r a t io n  was determ ined  by d ia ly s in g  100 p i  o f  b u f f e r  A t  0*2, M KOI
a g a in s t  50 ml o f  th e  Scune b u f fe r  + 1 pM [d-^K] ATP (lO pC i/pM ), 5 f-tl 
oÇ* CcvjcL*
samplesjjwere tak en  a t  i n t e r v a l s ,  and counted fo r  r a d io a c t iv i ty  in  2 ml
o f t r i to n - to lu e n e  s c in t i l l a n t*  E q u i l ib ra t io n  to o k  about 24 h (F ig  2 ,1 ) .
c. p . m . 
( x 1 0 '3 )
F i g  2. 1 R a t e  of  e q u i l i b r a t i o n  o 
d i a l y s i s  c e l l .
8
6
4
2
5 5
TI  me ( h }
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In  th e  second method a m ic ro d ia ly s is  c e l l ,  s im ila r  to  t h a t  
d e sc rib ed  by Englund e t  al*  ( l9 o 9 ) , was used . The a p p a ra tu s  wa,s 
c o n s tru c te d  by Mr. N.L. Harvey, and i t  c o n s is te d  o f  p e rsp ex  c e l l s  
c o n ta in in g  a tw in  s e t  o f d ia ly s i s  chambers (F ig  2 .2 ) ,  clamped to g e th e r  
w ith  a p e rsp ex  h o ld e r . The whole a p p a ra tu s  was clamped to  a rev o lv in g  
drum in  such a manner t h a t  th e  a x is  o f  r o ta t io n  was p a r a l l e l  to  th e  long  
a x is  o f th e  c e l l .  Mixing was ach ieved  by r o ta t io n  a t  2 I’pm, and w ith  
1 nm g la s s  beads p laced  in  th e  d ia ly s i s  chambers. Samples were 
in tro d u ce d  and withdrawn vdth  Hamj.lton sy rin g es  (25 p i ,  5 p i ,
7005 NCH; Ham ilton Micromeasure bv. The Hague, H o llan d ).
F i g  2 . 2  Diagram of  mic ro--di a l y s i s  c e l l ,
15
J t
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Three membranes were t e s t e d  fo r  t h e i r  p e rm e a b ility  to  n u c leo s id e  
tr ip h o sp h a te s :
i .  V isking membrane,
i i .  V isk ing  membrane s tr e tc h e d  to  in c re a s e  i t s  p o ro s i ty  (C ra ig  and
King, 1962), 
i i i .  S p ec trap o r 2 membrane.
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V isking  tu b ijig  and S p ec trap o r 2 membrane were washed as d e sc rib e d  
in  2.2.05® S tre tc h e d  tu b in g  was s to re d  in  50 % e thano l^  4^0^ and 
reh y d ra ted  b e fo re  use in  d i s t i l l e d  w aterc
The r a t e  o f  e q u i l ib r a t io n  was determ ined by d ia ly s in g  20 p i  b u f fe r  
A 4- 0'2M KCl a g a in s t  20 p i  o f  A + 0'2M KCl + 50 pM [8-^H] AT2 (25 p C i/  
pM)j, a t  room tem p era tu re  ( l ?  -  l^ C ). 1 p i  samples were counted in  2 mJ.
o f  t r i to n - to lu e n e  (F ig  2 .5 ) .  From th e  recovery  o f  r a d io a c t iv i ty  i t  was 
c le a r  th a t  th e  membranœ d id  n o t b ind  ATP, By d ia ly s in g  a 10 mg/inl RNA 
polym erase s o lu t io n  a g a in s t  b u f f e r  i t  was showi t h a t  a l l  th re e  
membranes d id  n o t b in d , and were impermeable to ,  p r o te in .  In  
subsequent experim ents S p ec trap o r 2 membrane was u sed .
F i g  2 . 3  Ra t e  o f  e q u i M b r a t s o n  o f  m i c r o -  
d i a i y s i s  c e l l .
m—m S p e c t r a p o r  2 
o—o s t r e t c h e d  V i sk i ng
Time (h)
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2 ,2 ,0 3  C e n tr ifu g a tio n , 
i .  Rate s e p a ra tio n  in  a g ly c e ro l g ra d ie n t .
G rad ien ts o f 10 -  30 ^ g ly c e ro l  were poured a t  abou t 50 m l/h , and 
4^0. Tlie l i n e a r  g ra d ie n t (d en ser p a r t  f i r s t )  was a llow ed  to  run dovm 
th e  s id e  o f  a v e r t i c a l l y  mounted c e n tr ifu g e  tu b e , th e  tu b in g  o u t l e t  be ing  
kep t 2 -  3 mm from th e  s u rfa c e  o f  th e  form ing g ra d ie n t ,  A 3 ml sample 
and 55 imL g ra d ie n t ,  o r a 0*5 ml sample and 12 ml g ra d ie n t, v/ere used fo r
th e  SW 25*2 o r S¥ 40 r o to r s .  The g ra d ie n ts  were h a rv e s te d  a t  about
50 iml/h, th rough  a s t a i n le s s  s t e e l  tu b e  which had been low ered to  th e  
bottom  o f  th e  c e n tr ifu g e  tu b e . The absorbance a t  280 nm was m onitored 
co n tin u o u sly  w ith  th e  0*3 cm p a th  le n g th  c e l l  o f  th e  G ilfo rd  
spec tro p h o to m ete r, and 2*0 o r  0«5 ml samples were c o l le c te d ,
i i .  C e n tr ifu g a l d e s a l t in g .
The c e n tr i f u g a l  method o f  Weal & F lo r in i  (1973) was sometimes 
u sed  to  d e s a l t  s o lu tio n s  o f  RNA polym erase, A 15 ml. c o n ic a l tube  and 
12 X 50 mm p o ly a llo m er tu b e , o r a  50 ml c o n ic a l tu b e  s,nd a 24 % 90 mm 
po ly a llo m er tu b e  were used  to  d e s a l t  vdlunes o f  about 1 o r  8 ml re s p e c tiv e ly , 
A sm all v e n t-h o le  was made in  th e  com .cal tu b e , a t  the  p o in t  where i t  
beg ins to  narrow . Sm all h o les  were made in  th e  bottom  o f  th e  
po ly a llo m er tu b e , and th ey  were ov erlay ed  w ith  a GF/C f i l t e r .  The 
p l a s t i c  tu b es  were îu ise rted  in to  th e  c o n ic a l tu b e s , and th e y  -were 
packed \-d.th s u f f i c i e n t  Sephadex G25 (medium), a t  1500 rpm (600 g ),
2 min, to  th re e -q u a r te r s  f i l l  them.. The g e l was washed about 7 tim es ,
w ith  1 o r 8 ml o f  b u f f e r ,  a t  1000 rpm fo r  2 min, b e fo re  i t  was used to
d e s a l t  a p ro te in  s o lu t io n .  The sample to  g e l volume r a t i o  was kep t 
between 0*17 and 0*27* The e f f ic ie n c y  o f  d e s a l t in g  was checked u s in g  a 
s o lu tio n  o f 2 mg/ml d ex tran  b lu e  -i- 1 mM DTT, This method was f a s t e r  than  
d ia ly s i s ,  and th e re  was no d i lu t io n  as occurs on column chrom atography,
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D isadvantages were th e  c r i t i c a l  dependence on sample to  g e l  w lum e 
r a t i o ,  and re p e a te d  w ashings re q u ire d  to  re g e n e ra te  th e  g e l,
2 , 2 .0 4  Column chrom atography,
i .  Equipment,
An U l t r o r .a c .  f r a c t io n  c o l le c to r  (Ml 104-1), a Uvichord K ,  a 
chopper-bar re c o rd e r  (6520-8) and a V arioperpex  pump (LKB-producter 
AB, S“ l 6 l  25 Bronuna 1, Sweden) were u sed . Sm all volumes (0*1 -  1*0 
ml) were c o lle c te d  by r e s t in g  sm all c o n ic a l tu b es  (E ppendorf) on th e  
rim  o f th e  norm al t e s t - t u b e s .
Chromatography columns were purchased  from Pharm acia Fine Chem icals, 
U ppsala, Sweden, and p o ly th en e  c a p i l la r y  tu b in g  from P o r te x  L td ., Hythe, 
K ent, A number o f  g la s s  columns were made to  complement th e  commercial 
ran g e . Push in  ad ap to rs  (Pharm acia) were used as  ends fo r  th e  column 
to p s .  The column bottom  c o n s is te d  o f  a g la ss  s i n t e r  and a c o n s tr ic t io n ,  
th e  dead space between them being  f i l l .e d  v jith  g la s s  beads, 
i i ,  G e l - f i l t r a t i o n .
G e l - f i l t r a t i o n  media were p rep a red , used , and s to re d  accord ing  to  
s tan d a rd  p rocedures (m anufactu rers handbooks; R e ilan d , 1971),
Columns o f  Sephadex G25(F) were used to  change th e  b u ffe r  
components o f  RNA-polymerase s o lu t io n s ,  and to  s to p  re a c t io n s  (eg , 
am id in a tio n  and th io n itro b e n z o y la tio n ) . G e l - f i l t r a t i o n  was found to  be 
p re fe ra b le  to  d ia ly s i s ,  because d ia ly s i s  le d  to  th e  in a c t iv a t io n  o f th e  
enzyme (som etim es 50 ^  in  18 h ) .  0*7 x  12, 0*9 x: 8 , 0*9 x  14j, 1*0 x  30
and 1*3 x  30 ( i n t e r n a l  d iam eter x  le n g th , cm) columns were used , w ith  
flow  r a te s  o f  30 m l/h  fo r  th e  narrow er columns, and 60 m l/h  f o r  th e  
w ider columns. F ra c tio n s  o f  0*1 -  1«0 ml were c o l le c te d .  The column 
s iz e  was chosen so th a t  th e  bed volimie was a t  l e a s t  te n  tim es g re a te r  
th an  th e  sample volume. The columns were c a l ib r a te d  w ith  a s o lu tio n  
c o n ta in in g  2 mg/ml d ex tran  b lu e , ImM DTT o r 0*1 M NaCl, and 0*5 mg/ml
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e DNP ly s in e .  C h lo rid e  ions were d e te c te d  w ith  ammoniacal s i l v e r  n i t r a te ,  
and DTT w ith  DTNB.
A column o f  Sephadex 050(F) was used to  detem iine  th e  b in d in g - 
c o n sta n t o f  %-A'IP to  RNA polym erase (c o re ) ,  by th e  method o f  Hummel & 
Dreyer (19 6 2 ). A 0*1 ml sample o f  RNA polym erase (c o re ) ,  10 mg/ml 3ja 
e lu t io n  b u f f e r ,  \ms a p p lie d  to  a 0*5 x  28 cm column, vb ich  had been 
e q u i l ib r a te d  w ith  b u f fe r  A i  0*2 M KCl 4 1 [8-^H] ATP (lO  p C i/p M ).
The column was e lu te d  a t  4 ml/4i, 120 p i  (2 d rop) f r a c t io n s  were 
c o l le c te d .  10 p i  samples were counted in  2 ml o f  5 g / l  PPO in  to lu en es  
T r ito n  1-100 : a b so lu te  e th an o l (7 î 3 * l ) .  P ro te in  was determ ined  by 
th e  method o f  Lowry e t  a l .  ( l 9 5 l ) .
i i i .  Ion-exchange chromâto rg rap h y .
Ion-exchange chrom atography vra,s used to  p u r i f y  RNA polym erase 
(D EA E-cellulose and p h o sp h o ce llu lo se ) , to  p u r i f y  ATP (DEAE-Sephadex 
A 25) and to  co n ce n tra te  cr f a c to r  (D E A E -cellu lose).
DEAE-Sephadex A 25 was p re sw o llen  in  IM t r i e  th y  lammoniun b ic a rb o n a te  
(pH 7*5) fo r  24 h a t  room tem p era tu re , and th en  resuspended  in  s e v e ra l  
changes o f 0«1 M triethylam m onium  b ica rb o n a te  (pH 7* 5 ), I t  was 
e q u i l ib r a te d  %d.th s e v e ra l  column volumes o f  0 ,1  M triethylam m onium  
b ic a rb o n a te  (pH 7*5), a t  4°G, u n t i l  th e  pH and c o n d u c tiv ity  o f  th e  
e f f lu e n t  was equal to  t h a t  o f  th e  ongoing b u f f e r ,
DEAE-cellulose ( DE 52), a lthough  purchased  in  a  p re sw o llen  form, was 
p recy c led  to  ensu re  th a t  i t  had i t s  f u l l  c a p a c ity  fo r  p ro te in  (see  
Himelhoch, 1971). The exchanger was suspended in  0*5 M HGl ( l5  volumes 
p e r gram) fo r  30 min, washed to  pH 4 , suspended in  0*5 M NaOH fo r  
30 min, washed to  pH 8, suspended in  50 inM T ris  HGl, pH 7*9, and 
t i t r a t e d  to  pH 7*9.
P h o sp h o cellu lo se  (PC 11) was p recy c led  in  th e  same manner as  DEAE- 
c e l lu lo s e ,  excep t t h a t  th e  exchanger was suspended in  0*5 M NaOH f i r s t .  
T his f i r s t  s te p  r e s u l te d  in  th e  r e le a s e  o f a brow n-coloured su b stan ce ,
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and ammonia, from th e  exchanger. The p recy c led  exchanger was 
suspended in  50 mM T r is  HCl, pH 7*9 a t  20^0, and was t i t r a t e d  back to  
pH 7*9 w ith  6 M NaOH. The exchanger was allow ed to  s tan d  fo r  about 6 h 
a t  room tem p era tu re , and was r e t i t r a t e d  to  pH 7*9.
The exchangers were d e -f in e d , and th e  columns poured  from a th ic k
suspension  a t  45 m3./h/cm^. Columns were e q u i l ib ra te d  a t  4°C, u n t i l  th e  
pH and c o n d u c tiv ity  o f th e  e f f lu e n t  and ongoing b u ffe r  were eq u al.
This u s u a lly  re q u ire d  about 4 column volumes fo r  D EA E-cellulose, and 
10 column volumes fo r  p h o sp h o ce llu lo se .
The components o f  i n t e r e s t  were e lu te d  from th e  ion -exchangers  
w ith  s te p s ,  o r a  l i n e a r  g ra d ie n t ,o f  in c re a s in g  io n - s t r e n g th .  l in e a r  
g ra d ie n ts  o f s a l t  (and g ly c e ro l)  were produced u sin g  g rad ien t-m akers  
c o n s tru c te d  from two in te rc o n n e c te d  c o n ta in e rs  o f  th e  saine shape, and 
open to  th e  a i r .  They were mounted v e r t i c a l l y ,  and were f i l l e d  to  th e
same le v e l  w ith  th e  b u ffe rs  c o n ta in in g  th e  s a l t  (g ly c e ro l)
c o n c e n tra tio n s  co rrespond ing  to  th e  beg inn ing  and end o f th e  g ra d ie n t .  
The low s a l t  (o r  h igh  g ly c e ro l)  b u ffe r  was p laced  i n  th e  s t i r r e d  s id e  
connected to  th e  column( c e n tr ifu g e  tu b e ) .
i v .  A f f in i ty  chrom atography.
DNA-agarose a f f i n i t y  chrom atography was used  to  s tu d y  th e  DNA 
b ind ing  a b i l i t y  o f  NBS-modified RNA polym erase,
DNA-agarose \ias p rep ared  a s  d e sc rib e d  by S c h a lle r  e t  a l .  (1972).
One gram o f  ca3.f-thymus DNA (K och-L ight) d is so lv e d  in  67 ml. o f
0*02 M NaOH was h ea ted  to  50°C, A 4 '^  s o lu tio n  o f  ag aro se  (S ig m ) was
au to clav ed  fo r  10 rain a t  10 p s i ,  and i t  was ra p id ly  cooled  to  50°C.
The two s o lu t io n s  were mixed, and ra p id ly  s o l id i f i e d  by p o u rin g  onto  
an ic e -c o o le d  g la s s  d is h . The g e l  was c u t in to  sm all p ie c e s ,  and was 
p assed  tw ice  th rough  a 60 mesh s t a i n l e s s - s t e e l  n e t  p laced  in  a sy rin g e  
b a r r e l .  The fragm ents were suspended in  a s o lu t io n  c o n ta in in g  10 mî4 
T r is  H Cl pH 7*9, 1 mM EDTA, and 0*1 M NaCl, and were poured in to  a
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column. The column was washed w ith  th e  same s o lu tio n  u n t i l  no f u r th e r  
DNA e lu te d . The g e l  was s to re d  in  a s o lu tio n  c o n ta in in g  10 mM T ris  HCl 
pH 7*9, 1 mM EDTA and 1*0 M NaCl, a t  4^G. L i t t l e  DNA was found to  have 
e lu te d  a f t e r  6 months s to ra g e  (<  5 %)* The DNA co n ten t was determ ined 
by d is so lv in g  0*5 m3- (bed volume) o f  DNA-agarose in  5 ml o f  5 M NaGlO^ 
on a b o i l in g  w a ter b a th  fo r  5 m in. The absorbance a t  260 nm was 
compared w ith  a  b lank  p rep a red  from  2 % ag a ro se . I t  was found th a t  
70 % o f th e  in p u t DNA was r e ta in e d  on th e  ag aro se , o r  about 2*5 mg DNA 
p e r  ml a g a ro se .
Golumns were e q u i.lib ra te d  w ith  a t  l e a s t  5 column volumes o f  b u f fe r .  
Flow r a te s  d u rin g  pack ing  and runn ing  d id  n o t exceed 12 m]..h'"j^cm"^.
Flow r a te s  d u rin g  lo ad in g  were 0*5 -  1 colimm volumes p e r  h o u r.
2 .2 ,0 5  C leaning  la b o ra to ry  a p p a ra tu s ,
i .  C u v e tte s .
C uvettes  were washed by soaking o v e rn ig h t in  chromic a c id  (6*3 g 
p o tassium  dichrom ate d is so lv e d  in  ~ 30 ml o f  w a te r , and th en  added w ith  
s t i r r i n g  to  1 1 o f co n ce n tra te d  su lp h u ric  a c id ) ,  fo llow ed by e x ten s iv e  
r in s in g  in  d i s t i l l e d  w a te r . The c u v e tte s  were d r ie d  by r in s in g  w ith  
m ethanol (A nalaR). They were in v e r te d  to  a llo w  excess so lv e n t to  d ra in  
o f f ,  and th ey  were blovm -dry v/ith f i l t e r e d  a i r ,
i i .  D ia ly s is  tu b in g .
D ia ly s is  tu b in g  was washed j u s t  b e fo re  u s e . V isiting tu b in g  was 
b o ile d  f o r  15 min in  5 ^  sodium b ic a rb o n a te , r in s e d  in  d i s t i l l e d  w a te r , 
b o ile d  in  0*5 % EDTA, b o ile d  in  d i s t i l l e d  w a ter, and f i n a l l y  r in s e d  in  
d i s t i l l e d  w a te r , S p ec trap o r 2 membrane was washed in  s e v e ra l  changes 
o f  d i s t i l l e d  w ater fo r  3 -  4 h .
i i i .  G lassw are.
L abora to ry  g lassw are  was r in s e d  a f t e r  u se , and soaked o v ern ig h t in  
0*4 % Haemo-Sol (A lfre x  Cox (S u rg ic a l)  L td .,  C oulston , Sur^rey, U .K .),
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The g lassw are  was washed, r in s e d  in  ta p  w a te r , foU.owed by d i s t i l l e d  
w a te r , and d r ie d  in  an oven a t  70°Co
Tubes f o r  RNA polym erase a ssay s  were r in s e d  a f t e r  u se , soaked 
overni.ght in  chromic a c id , r in s e d  w ith  d i s t i l l e d  w a te r , and oven d r ie d .
Glassware contam inated w ith  r a d io a c t iv i ty  was soaked fo r  a t  l e a s t  
a week in  3 changes o f 2 ^ Decon (Decon L td ., B rig h to n , U .K .), and th en  
r in s e d  in  runn ing  w a ter f o r  s e v e ra l  h o u rs . I t  was th en  washed a s  norm al 
la b o ra to ry  g la ssw a re . G lassware which had been contanD.nated w ith  more 
th an  10 pCi o f  r a d io a c t iv i ty  was d isc a rd e d .
P ip e t te s  were soaked in  0*4 % Haemo-Sol, They were washed in  a 
p ip e tte -w a sh e r , r in s e d  in  d i s t i l l e d  w a te r , and d r ie d  in  a  p ip e t t e -  
d r i e r .  C o n s tr ic tio n  p ip e t te s  were soaked in  2 ^  Decon a f t e r  u se . They 
were washed by sucid.ng d e te rg e n t ,  d i s t i l l e d  w a te r , and m ethanol th rough 
th e  p ip e t te s  w ith  a  w a ter pump,
2 ,2 .0 6  Com putation,
A PDF/8L computer (D ig i ta l  Equipment Co. L td . ,  Reading, U.K.) was 
used to  perform  ro u tin e  c a lc u la t io n s .  Programmes were iv r i t te n  in  
F oca l, 1969 to  do th e  fo llo w in g ;
i .  an a ly se  form aldehyde m e ltin g  curves in  term s o f degree o f 
umvinding, and f i t  th e  d a ta  to  a  s t r a ig h t  l i n e  by a w eighted  l e a s t -  
sq uares method.
i i .  to  co n v ert d a ta  from th e  am ino-acid  a n a ly s e r  to  mole f r a c t io n ,  
and number o f  arad.no-acids p e r  m olecule o f  p r o te in ,  
i i i ,  f i t  d a ta  to  a s t r a ig h t  l i n e  by th e  le a s t - s q u a re s  method, and 
c a lc u la te  th e  s tan d a rd  e r ro r  o f  th e  in te r c e p t  and g ra d ie n t .
i v .  f i t  d a ta  to  a q u a d ra tic  eq u atio n  u sin g  th e  le a s t - s q u a re s  m ethod.
V .  to  c o r re c t  th e  absorbance a t  280 nm o f  a p ro te in  fo r  l i g h t -  
s c a t te r in g  by l i n e a r  e x tra p o la t io n  o f  lo g  (abso rbance) v lo g  (vravelength) 
from th e  320 -  450 nm reg io n  o f th e  spectrum .
y i ._ to  determ ine th e  mean, s tan d a rd  d e v ia t io n , and s tan d a rd  e r ro r  o f a
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s e t  o f  d a ta .
The computer programmes can be found in  Appendices 1 -  6 ,
2 ,2 .0 7  C o n cen tra tio n  d e te rm in a tio n .
i .  Formaldehyde.
Formaldehyde c o n ce n tra tio n s  were detenn ined  by th e  hydroxylam:me 
h y d ro ch lo rid e  method. 0*3 g form aldehyde, 25 ml w a te r , and 2 drops o f 
bromophenol b lu e  ( 0 .5  ^  in  e th a n o l)  were c a r e fu l ly  n e u tr a l is e d  w ith  
0*1 M NaOH. 10 ml o f  10 % hydroxylam ine h y d ro ch lo rid e  was added, 
s t i r r e d  f o r  10 m in, and th e  l ib e r a te d  HCl was t i t r a t e d  w ith  0*1 M 
NaOH. A b lan k , laclcLng form aldehyde, was a lso  t i t r a t e d .
i i .  G lycero l and p o ly e th y len e  g ly c o l.
T h e ir c o n c e n tra tio n s  were determ ined  by comparing t h e i r  r e f r a c t iv e  
in d ex  w ith  t h a t  o f  s o lu tio n s  o f  known c o n c e n tra tio n . The r e f r a c t iv e  
in d ic e s  were m easured v /ith  an Abbe re fra c to m e te r  (B ellingham  and 
S tan ley  L td ., London, U.K.) and a sodi.um lamp.
i i i .  I s o to p e s .
S c in t i l l a t i o n  counting  was used to  q u a n t i ta te  compounds la b e l le d  
;d .th  t r i t i u m  and carbon-14 . Homogeneous s o lu tio n s  were counted in  a 
P h i l l ip s  PW 4510/01 ( P h i l l ip s  Co. L td . ,  Hol3.and). This in s tru m en t 
c o r re c ts  fo r  quenching by th e  e x te rn a l- s ta n d a rd , c h a n n e ls - ra t io  method, 
and th e  o u tp u t i s  in  th e  form o f  d is in te g r a t io n s  p e r  m inu te .
O ccasio n a lly  a  N uclear-C hicago Isocap  300 s c i n t i l l a t i o n  c d an te r  (N uclear- 
Chicago C o rp o ra tio n , I l l i n o i s  6 0 0 1 8 ,-U .S.A .) was u sed . The o u tp u t was in  
th e  form o f  t o t a l  counts p e r  channel. The c h a n n e l- ra t io s  were checked 
to  ensure  th a t  quenching was s im ila r  in  a l l  th e  sam ples counted .
Since t r i t iu m  em its a low -energy p p a r t i c l e ,  th e  p o s s i b i l i t y  o f 
s e lf - a b s o rp t io n  a r i s e s  when i t  i s  counted in  a  heterogeneous s o lu t io n .  
Heterogeneous sam ples ( in  th e  form o f  [^h]  RI\IA and [% ] ATP d r ie d  
onto GF/C f i l t e r s )  were s o lu b i l i s e d  w ith  0*5 ml hyamine hydroxide
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( l  M in  m ethanol) a t  60*^ 0 fo r  40 iid.n„ The s o lu tio n  was com'itod in  10 ml 
o f  0*5 % PPO in  to lu e n e .
P olyacry lam ide g e l s l i c e s  were s o lu b i l i s e d  by d ry in g  th e  g e ls  a t  
60^C fo r  4 h , and th en  in c u b a tin g  them w ith  0*1 ml hydrogen p e ro x id e
(30  % w /v) fo r  4 h a t  60^0. The iso to p e  was counted in  3 n l  o f
s c in t i l l - a n t  (0*5 % PPO in  2 volumes to lu e n e  i  1 volume t r i t o n  X-lOO), 
Aqueous sam ples were counted in  0*5 % PPO in  2 volumes to lu e n e  
4- 1 volume T r i to n  X-IOO. The m isc ib ility  range was 0 -  50 ] .l  and 250 ]xL
“ 1 m]. in  3 inl o f  s c i n t i l l a n t .
jnf. N ucleoside t r ip h o s p h a te s «
The c o n ce n tra tio n  o f  n u c leo s id e  tr ip h o sp h a te s  was determi.ned u s in g  
th e  e x tin c tio n  c o e f f ic ie n ts  g iven  below :
A max: (nm)
X 10-3
ATP 259 15*4
GTP 252 13-7
CTP 271 9*1
UTP 262 ' 10*0
Each n u c leo s id e  tr ip h o sp h a te  was d is so lv e d  in  w ater to  a c o n ce n tra tio n  
g re a te r  th an  th a t  re q u ire d . A liq u o ts  were d i lu te d  w ith  10 mM K PipK  7*0, 
and th e  absorbance was de term in ed .
V .  P ro te in s .
P ro te in  c o n c e n tra tio n s  were determ ined by a number o f  m ethods, 
depending upon th e  n a tu re  o f  th e  sam ple.
The c o n c e n tra tio n  o f  p u re , n a tiv e  RNA polym erase was determ ined 
usin g  th e  e x t in c t io n  c o e f f ic ie n t  6*5 (R ichardson , 1966). Dust
m s  removed by f i l t r a t io n . th r o u g h  a GF/F g la ss  f ib r e  f i l t e r .  RNA- 
polym erase (c o re )  ag g reg a te s  in  s o lu tio n s  o f  low io n ic  s tre n g th  ( < 0 *27 ; 
Berg &-Cham berlin, 1970), and t h i s  le ad s  to  l i g h t - s c a t t e r i n g .  The l i g h t -
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s c a t te r in g  c o n tr ib u tio n  to  th e  absorbance a t  280 nm was e s tim a te d  by 
ex trapo latd jng  a p lo t  o f lo g  (ap p a ren t absorbance) v e rsu s  lo g  (w avelength) 
from th e  re g io n  320 -  450 nm (W etlau fer 1962), The g ra d ie n t  o f  t h i s  
l in e  was u s u a l ly  4 Î  1 . No l i g h t - s c a t t e r in g  c o rre c t io n  was n ecessa ry  
f o r  f i l t e r e d ,  h igh  io n ic  s tr e n g th  s o lu t io n s .
The c o n c e n tra tio n  o f p r o te in  in  crude f r a c t io n s  o f  RNA polym erase 
was de teradned  by th e  method o f Waaburg & C h r is t ia n  (d e sc r ib e d  by Layne, 
1957), by th e  method o f Lov/ry e t  (1951) u s in g  a BSA s tan d a rd  
(E ~ 6*6, Tanford & R o b erts , 1952),
V/ith d i lu t e  s o lu t io n s  o f  RNA polym erase, the  norm al b u ffe r  
c o n s t i tu e n ts  T r is ,  tr ie th a n o la m in e , EDTA, and DTT in t e r f e r e  w ith  th e  
Lowry m ethod. In  t h i s  case  th e  method o f Schaffner & Weissma.nn (1973) 
was u sed . However, s in c e  t h i s  method depends p a r t i a l l y  on an io n ic  
in te r a c t io n  between a dye and p r o te in ,  th e  method o f  M urty & Leroux.
(1975) i4as used f o r  d i l u t e  am id inated  RNA polym erase s o lu t io n s .
C a l ib ra t io n  curves were p rep a red  u s in g  RNA-polyiaerase s o lu t io n s  o f 
known c o n c e n tra tio n .
O ccasio n a lly  th e  p ro te in  c o n c e n tra tio n  o f  ch em ica lly  m odified  RNA 
polym erase was determ ined  by am ino-acid  a n a ly s is ,  0*1 mg o f  p ro te in ,  
an eq u a l volume o f  A r i s ta r  HCl, and 2-merca,p to  e th a n o l ( l  / )  were 
evacuated  fo r  10 min w ith  a  vaxuum pump, and th e n  in c u b a ted  a t  llO^C fo r  
24 h . The HCl was removed under vacuum, and th e  r e s u l t in g  am ino-acids 
determ ined  on a J e o l  S AH am ino-acid  an aly se r*  The p r o te in  c o n c e n tra tio n  
was determ ined  from th e  t o t a l  reco v ery  o f an am ino-acid  r e l a t i v e  to  th e  
reco v ery  from a sample o f  known c o n c e n tra tio n . The r e s u l t s  w ith  le u ,  
i l e ^ ,  v a l ,  t h r ,  a sp , p ro , g ly , and a la  agreed  to  v /ith in  10 %» O ccasio n a lly  
n o rle u c in e  o r  L-o<- amino -  [3 -  g u an id in o p ro p io n ic  a c id  i n t e r n a l  s tan d a rd s  
were u sed . In  t h i s  case  th e  c o n c e n tra tio n  m s  determ ined  from th e  
r e l a t i v e  y ie ld s  o f  amino a c id  and s tan d a rd  in  th e  sam ples o f  unknovjn 
and Imoivn c o n c e n tra tio n . The r e s u l t s  ag reed  w ith in  10 % w ith
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th o se  determ ined  from t o t a l  re co v ery . This method was n o t used 
exbensive.ly because o f  th e  u n c e r ta in ty  a r i s in g  from a d ecreased  y ie ld  
o f am ino-acids such as ty ro s in e  and m eth ion ine , and s in c e  i t  was te d io u s  
in  comparison w ith  o th e r  m ethods. 
v i... S a l t s .
S a l t  c o n c e n tra tio n s  were determ ined  by comparing th e  c o n d u c tiv ity  
wi.th s o lu t io n s  o f loiown c o n c e n tra tio n . The c o n d u c tiv ity  was determ ined  
w ith  a c o n d u c tiv ity  c e l l  and m eter (ty p e  GDM 2e, R adiom eter, Copenhagen, 
Denmark).
2 ,2 ,0 8  C o n cen tra tio n  o f d i lu te  ENA polym erase s o lu t io n s .
D ilu te  s o lu tio n s  o f  RNA polym erase (<  0*2 mg/ml) cou ld  n o t be 
c o n ce n tra te d  w ith  ammonium su lp h a te  because th e  enzyme l o s t  a c t i v i t y ,  
and th e  f in e  p r e c ip i t a t e  le d  to  co n sid e rab le  lo s s  o f  y ie ld .  No 
a c t i v i t y  o r y ie ld  was l o s t  u s in g  perosm osis a g a in s t  p o ly e th y len e  
g ly c o l, o r  u l t r a f i l t r a t i o n  under N  ^ (see  t a b le  below ),
RNA polym erase (0*2 mg/ml) was d ia ly se d  in to  b u f f e r  A i  20 ^ 
p o ly e th y len e  g ly c o l a t  4^0 u n t i l  i t s  volume was reduced  s u f f i c i e n t ly  
to  g ive a p ro te in  c o n c e n tra tio n  o f  3 ”• 5 mg/ml (ab o u t 5 h ) .  I t s  
volume was reduced  f u r th e r ,  and low m olecu lar w eight p o ly e th y len e  
g ly c o l removed, by d ia ly s is  in to  s to ra g e  b u f f e r .  An id e n t i c a l  sample 
was d ia ly se d  in to  b u ffe r  C + 50 ^ s a tu ra te d  ammonium s u lp h a te , 
c e n tr ifu g e d  a t  30 ,000 rpm, 1 h, in  a Beclcman '30* r o to r ,  and th e  
p e l l e t  was tak en  up in  s to ra g e  b u f f e r .  A nother sample was co n cen tra ted  
u s in g  an Amicon u l t r a f i l t r a t i o n  c e l l  (Model No.52), and a PM 30 
membrane (Amicon L td .,  High Wycombe, B ucks., U .K .), fo llow ed by 
d ia ly s is  in to  s to ra g e  b u f f e r .  A liq u o ts  were used to  determi.ne th e  
a c t i v i t y  and absorbance a t  280 nm. U l t r a f i l t r a t i o n  was used in  
subsequent ex perim en ts.
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Table î S p e c if ic  a c t i v i t y  and y ie ld  o f  s to re d  enzyme.
Method S p e c if ic  a c t i v i t y  ( / )  Y ield  %
O rig in a l enzyme 100 100
U l t r a f i l t r a t i o n 100 98
P o ly e thy lene  g ly c o l 20 M 91 90
Ammoniimi su lp h a te 63 55
2 ,2 ,0 9  P ep tid e  mapping.
P ep tid e  mapping was used to  id e n t i f y  th e  try p to p h an  p e p tid e s  o f  
RNA po lym erase, RNA polym erase was carboxym ethylaied , d ig e s te d  w ith  
a v a r ie ty  o f  p ro te a s e s ,  and mapped by th e  method o f  B ates e t  
(1975).
RNA polym erase was carboxym ethylated by d ia ly s in g  a 1 mg/ml 
s o lu tio n  in to  0*1 M T r is  HCl, pH 8*2. Urea was added to  8M, DTT to  
2 mM, and th e  s o lu t io n  was f lu sh e d  w ith  oxygen-free  n i tro g e n . The 
s o lu t io n  was capped and s to re d  in  th e  dark, a t  room tem p era tu re , f o r  1 h . 
I t  was made 10 -  15 mM 'in  io d o a c e ta te  ( r e c r y s ta l l i s e d  from l i g h t  
pe tro leum , boili_ng range 40 -  60^C), flu sh ed  w ith  N^, and l e f t  in  th e  
dark  f o r  1 h a t  room tem p e ra tu re . The sample was d e s a lte d  on a G 25 (F) 
column in to  0*5 % ammonium b ic a rb o n a te  (pH 8 *0).
The san p le  was c o n c e n tra te d  by fre e z e -d ry in g , and was re d is so lv e d  
in  0*5 ^ ammonium b ic a rb o n a te  to  1 mg/ml, Sanples were d ig e s te d  'with 
th e  fo llow ing  com binations o f p ro te a se s :
1) ttypsin fo r  4 h a t  37°C
2) t r y p s in  f o r  4 h a t  37°0, fo llow ed  by chym otrypsin fo r  4 h a t  37^0
3 ) try p s in  f o r . 4 h a t  37®G, fo llow ed by th e rm o ly s in  fo r  2 h a t  60^C
4) therm olj^sin fo r  2 h a t  60^G
5) s u b t i l i s i n  fo r  4 h a t  37°G.
The s o lu t io n s  were b o ile d  fo r  2 min a f t e r  each p r o te o ly s is  s te p . The
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p ro te a se  c o n c e n tra tio n  was 2 % w/w, added from a 1 mg/ml s o lu tio n s  in  
1 mM HGl,
The p e p tid e s  were recovered  by fre e z e -d ry in g , d is so lv in g  th e  
p e p tid e s  in  a sm all volume o f  0*02 M and t r a n s f e r r in g  them to  a 
s m l l  t e s t  tu b e . The tu b es  were c e n tr ifu g e d  to  b r in g  th e  sample to  th e  
bottom , f r e e z e -d r ie d ,  and th e  r e s u l t in g  p e p tid e s  tak en  up in  s u f f i c i e n t  
0*02 M HH^  to  make a s o lu t io n  > 1 0 0  mg/ml.
S i l i c a  coated  th in - la y e r  p la te s  (Polygram S i l  G, 0*25 mm s i l i c a  
g e l la y e r  on a p l a s t i c  s h e e t, 20 x  20 cm) were cu t to  th e  re q u ire d  
s iz e  (lO  X 10 cm). Samples o f  th e  1#A polym erase d ig e s t  were a p p lie d  
to  th e  s i l i c a  sh e e ts  u s in g  a 1 p i  m icrocap (Drummond S c ie n t i f i c  C o,, 
U .S .A .), to  g ive  a  sp o t 1 -  2 mm in  d iam e te r. The sh ee ts  were d r ie d  
between in d iv id u a ,l a p p l ic a t io n s  w ith  a s tream  o f  coo l a i r ,  100 -  400 pg 
o f RNA polym erase was a p p lie d  to  each s h e e t. The b u f f e r  was even ly  
a p p lie d  to  th e  s h e e ts  u s in g  w etted  Whatman Wo.l p a p e r , p laced  2 mm on 
e i th e r  s id e  o f  th e  o r ig in .  F lirth e r b u ffe r  was ap p lie d  to  th e  p ap e r .
The sample became wet by c a p i l la r y  a c t io n , and t h i s  he lped  c o n ce n tra te  
th e  s p o t .  The b u ffe rs  used w ere;
1) 10 % p y r id in e , 0*5 % a c e t ic  ac id ,-p H  6*5-
2) 0*5 /  p y r id in e , 5 % a c e t ic  a c id , pH 3*5-
3 ) 8 /  a c e t ic  a c id , 2 % form ic a c id ,  pH 2 -0 .
E le c tro p h o re s is  was c a r r ie d  ou t a t  500 V, 20 rain on a home-made
th in - la y e r  e le c tro p h o re s is  a p p a ra tu s  (d e sc rib ed  l a t e r ) ,  w ith  a  BTL 500 
power pack (B aird  and T a tlo ck  (London) L td ., Ghadwell H eath, Essex, U.K.), 
The sh ee ts  were th o rough ly  d r ie d  (20 -  30 min in  a s tream  o f  co o l a i r ) ,  
and chrom atographed upwards in  th e  second dim ension in  b u ta n - l - o l ;  
a c e t ic  a c id ; p y r id in e : w ater (15: 3 : 12: 10 by v o l . )  a s  d e sc rib e d  by 
Waley & Watson ( l9 5 3 )-  A s e t  o f m arker am ino-acids was o c c a s io n a lly  
e lec tro p h o re se d  under th e  same co n d itio n s  as  th e  Id^ A polym erase d ig e s t .  
The marker co n ta in ed  DNP a sp , E DNP ly s ,  ly s ,  h i s ,  g ly , a sp , t r p ,  a l l
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a t  1 mg/ml®
N inhydrin  was used  to  d e te c t  p ep tid es*  The sh e e ts  were d ipped in  
th e  ninhydrin-cadm ium  s o lu tio n  made up as fo llo w s;
15 ml o f  s o lu t io n  B was mixed w ith  85 ml s o lu t io n  A j u s t  b e fo re
use*
s o lu tio n  A ; 1 ^  ninliydrJui in  acetone
s o lu t io n  B : 1 g cadmium a c e ta te ,  50 ml a c e t ic  a c id , 100 ml w ater * 
The sh e e ts  were allow ed to  d ry  a t  room tem p era tu re , and the  co lo u rs  
formed were observed* The sh e e ts  were th en  h ea ted  in  an oven a t  lOO^C 
fo r  a few m inutes*
Tryptophan p e p tid e s  were d e te c te d  by d ipp ing  th e  s h e e ts  in  1 ^ 
p- dim ethylam inobenzaldehyde in  ace to n e , co n ta in in g  10 % co n cen tra ted  
HCl* On s tan d in g  a t  room tem peratu re  th e  try p to p h an  p e p tid e s  gave a 
p u rp le  co lo u r which g ra d u a lly  fad ed .
Care was tak en  to  p re v e n t con tam ination  o f s i l i c a - g e l  sh e e ts  w ith  
ex traneous p e p tid e s  and ami.no-ac id s*  P l a s t i c  g loves were used  fo r  a l l  
m a n ip u la tio n s . A ll g lassw are  was a c id  washed, and a s p e c ia l ly  c lean  
a re a  was used to  lo a d  th e  s i l ic a - g e l  sheets*
An a p p a ra tu s , designed  and b u i l t  by Mr* N,L. Harvey, was used  fo r  
e le c tro p h o r e s is .  The cooli.ng p la te  was c o n s tru c te d  from a 26 x  12*5 x  
0*3 cm g la s s  s h e e t ,  and p ie c e s  o f  p e rsp ex  sh e e tin g  (0*5 cm th ic k )  
g lued  to g e th e r  a s  in  F ig ,2 .4 .  The e le c tro d e s  were made o f  p la tin u m  w ire  
( 0*046 cm d iam e te r, f ix e d  10 cm a p a r t  on a p e rsp ex  l i d ) .  The a p p ara tu s  
ivas cooled by ru nn ing  co ld  ta p  w ater through th e  co o lin g  p l a t e ,  A 
g la s s  p la t e  was p la ce d  on to p  o f  th e  s i l i c a  sh e e t to  ensure  good th e rm al 
c o n ta c t w ith  th e  co o lin g  p l a t e ,  and to  m inim ise s o lv e n t e v ap o ra tio n .
Thin pads o f  f i l t e r  p aper p rov ided  e l e c t r i c a l  c o n ta c t between the  
s i l i c a  sh e e ts  and th e  e le c tro d e s .  The ap p ara tu s  was la rg e  enough to  
run two 10 x  10 cm s h e e ts .
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Fig 2 ,4  E le c tro p h o re s is  app ara tu s-
10 cms
9 cmsGlass plate Platinum wire e lec trode  
Filter paper w ick
1
T .L .C ,  plot
1 2 ,5  cms
glass plates 3mm thick
cross section 1cm stri|% o f  perspex
cms
2 6 , 0  cms
C ooling water
1 2 , 5  crns
5Ô
2 .2 .1 0  Polyacry lam ide g e l  e le c tro p h o r e s is .
i .  SDS g e ls .
The method i s  based on th a t  d e sc rib e d  by Weber e t  a l .  (1972). The 
sample fo r  e le c tro p h o re s is  was p rep a red  by adding s u f f i c i e n t  in c u b a tio n  
b u ffe r  (0»01 M sodium phosphate  pH 7°2 , 1 ^  SDS, 1 % 2 -m ercap toethano l) 
to  th e  p ro te in  to  g ive  a  c o n c e n tra tio n  o f  0*05 “ 1 mg/ml, and an SDS to  
p ro te in  r a t i o  o f  3 to  1 . The saiip le  was in cu b a ted  a t  100°G f o r  2 min, 
and th e n  d ia ly s e d  o v e rn ig h t, a t  37°G, a g a in s t  0*01 M sodium phosphate 
pH 7*2, 0*1 % SDS, 0*1 % 2 -m ercap to e th an o l. For d i l u t e  s o lu t io n s ,  a 
f i n a l  d ia ly s i s  in to  th e  above b u ffe r  c o n ta in in g  50 % g ly c e ro l  was used 
to  in c re a s e  th e  c o n c e n tra tio n  (upto  5 fo ld ). 1 'volume o f  bromophenol 
b lu e  m arker (lO  ml s a tu r a te d  bromophenol b lue  + 90 ml g ly c e ro l)  w3.s 
added to  4 volumes o f  sam ple. The f i n a l  san p le  should  have 1 -  20 pg  
o f  each poly^Deptide to  be v is u a l is e d  in  50 -  200 p i .
7 cm g e ls  were p rep a red  in  0"6 x  10 cm tu b es  made from c o n s ta n t ' 
bore g la s s  tu b in g . The fo llo w in g  s o lu tio n s  were mjx;ed to  g ive  5 % g e ls :
6*75 ml s o lu t io n  A (22*2 g acry lam ide , 0*6 g m eth y len eb isaery lam id e ,
w a ter to  100 m l)
6*75 ml w a ter
15*0 ml g e l  b u f f e r  (0*2 M sodium phosphate pH 7*2, 0*2 % SDS)
The s o lu t io n  was evacuated  f o r  1 min, and 1*5 ml o f  ammonium 
p e rsu lp h a te  ( l5  mg/ml) and 0*045 ml o f  NHNN te tram eth y len ed iam in e  were 
added. The g e l tu b es  were f i l l e d  to  a  h e ig h t o f  7 cm, and th e  g e l 
s o lu t io n  ov erlay ed  w ith  a sm all volume o f \æ.ter .  The g e ls  were allow ed 
to  po lym erise  f o r  a t  l e a s t  1 h a t  room te m p era tu re . The sairp les were 
loaded  onto th e  g e ls ,  and e le c tro p h o re s is  was allow ed  to  p roceed  a t  a 
c o n s ta n t c u r re n t o f  8 mA/tube, u s in g  the  b u ffe r  0*1 M sodium phosphate 
pH 7*2, 0*1 % SDS, u n t i l  th e  dye reached  th e  bottom  o f  th e  tube  (4 -  5 h 
a t  room te m p e ra tu re ) . The p o s i t io n  o f the  dye was marked w ith  a
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s t a i n l e s s “ S te e l  id .re . Gels were s ta in e d  w ith  0*1 % Coomassie B r i l l i a n t  
Blue R 250 i n  50 % m ethanol, 10 % a c e t ic  a c id  fo r  2 ~ 12 h a t  room 
tem p era tu re , and d e s ta in e d  in  10 % m ethanol, 10 % a c e t ic  a c id .  The r a t e  
o f d e s ta ilrd n g  was f a s t e r  a t  37^0, and in  th e  p resen ce  o f  io n -exchanger 
(AG 501 “ XÔ ( d ) ) .  P ro te in  bands could  be seen a f t e r  about 1 h and 
com plete d e s ta in in g  to o k  1 - 2  d ay s .
M olecular w eigh ts were e s tim a ted  from th e  r e l a t i v e  m o b il i t ie s  o f 
th e  dye and p r o te in  bands on g e l scan s . M olecular v/eigi-it s tan d a rd s  
were p rep a red  from ovalbum in, a ld o la s e , g lu tam ate  dehydrogenase and 
lysozyme by th e  method o f C arpen ter & H arring ton  (19 7 2 ).
i i .  Urea g e ls .
Samples were p rep ared  by d ia ly s in g  th e  p ro te in  a g a in s t  0»005 M 
T r is ,  0 .0 4  M g ly c in e , pH 8*3, and adding s o l id  u rea  e,nd 0*1 M DTT to  
8 M and 10 mM r e s p e c t iv e ly .  The g e l s o lu t io n  co n ta in ed , in  25 m l,
0*75 g o f  "cyanogum” Zjl, 1*14 g T r is ,  20 ml 10 M u re a , 0*05 m]. NNNN
te tram e th y len ed iam in e , 1«5 ml 1 M HCl, and 1 ml 7 % ammonium p e rs u lp h a te . 
The f i n a l  pH was 8*9. .E le c tro p h o re s is  was perform ed u s in g  a b u f fe r  o f  
0.005  M T r is ,  0*04 M g ly c in e , pH 8*3, a t  a c o n s ta n t p o te n t ia l  o f  100 V, 
u n t i l  th e  bromophenol b lu e  m arker had run o f f  th e  bottom  o f th e  g e l .
Gels were s ta in e d  and d e s ta in e d  as fo r  SDS g e ls .  However u re a  g e ls  took
lo n g er to  d e s ta in  and sometimes excess dye was removed
e le c t r o p h o r e t i c a l ly .  Gels were soaked in  d e s ta in in g  s o lu t io n  (lO  ^  
m ethanol, 10 % a c e t ic  a c id ) ,  and p laced  in  0 .8  x  10 cm g e l  tu b es  
se a le d  a t  th e  low er end w ith  a s h o r t  le n g th  o f  g e l .  E le c tro p h o re s is  
was c a r r ie d  o u t, w ith  th e  s o lu t io n  10 % m ethanol, 10 % a c e t ic  a c id , a t  
a  c o n s ta n t v o lta g e  o f 50 V, and w ith  th e  o r ig in a l  p o l a r i t y  re v e rse d .
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2 ,2 .1 1  P u r i f i c a t io n  o f  chem ica ls .
L l ATP,
The p rocedu re  d e sc rib e d  by Roach ( l9 ? 2 )  was u sed . The v o la t i l e
b u f f e r ,  triethylam m onium  b ic a rb o n a te , was p rep ared  by bubbliuig CO2 ■
th rough  a s o lu tio n  o f  t r ie th y la m in e . T r ie th y lam ine (BDH) was
r e d i s t i l l e d  b e fo re  u se , th e  f r a c t io n  d i s t i l l i n g  between 88 and 89^G
was c o l le c te d ,  and s to re d  in  th e  d a rk  a t  -lO^C. A IM triethylam m oniim i
b ic a rb o n a te  s o lu t io n  was p rep ared  by bubbling  p reco o led  GOp in to  th e
s o lu tio n  (140  ml tr ie th y la m in e  in  1 l )  cooled in  an ic e - b a th ,  u n t i l  th e
pH o f  a 1 : 10 d i lu t io n  was 7*5 a t  20°C.
A 2*5 X 30 cm column o f  DEAE Sephadex A 25 was e q u i l ib r a te d  w ith  
r
0*1 M tM ethylammonium b ic a rb o n a te  (pH 7*5) a t  4 C. 10 ml o f 1*5 % 
[8“'^ H] ATP (2  mCi/mM) was a p p lie d  to  th e  column. The io n  exchanger ■ 
was washed w ith  two volumes o f 0*1 M triethylam m onium  b ic a rb o n a te  
b u f f e r ,  and e lu te d  m th  a 450 ml 0*1 -  1^0 M l i n e a r  g ra d ie n t o f  b u f fe r ,  
a t  36 n il/h . The la rg e  peak was poo led , and evapora ted  to  d ryness under 
vacuum a t  25°C. The re s id u e  was tw ice  re d is so lv e d  in  100 ml o f  w a te r , 
and evapora ted  to  d ry n e ss .
The th re e  p eak s , which e lu te d  in  p o s i t io n s  co rrespond ing  to  AMP, 
ADP and ATP, had th e  fo llo w in g  r e l a t i v e  s iz e s :
T o ta l absorbance {%) T o ta l r a d io a c t iv i ty  (%)
ATP 100 100
ADP 2 0 .4
AMP 0*2 0*02
P u r if ie d  [8-^H] ATP, and u n p u r if ie d  [8-‘^ H] ATP in  th e  p resen ce  o f  th e  
p o ly n u c le o tid e  phosphory lase  in h ib i to r  po tassium  p h o sp h ate , were found 
to  g ive  th e  same r e s u l t s  in  th e  a ssay s  Of crude f r a c t io n s  o f  RNA 
polym erase. In  g e n e ra l , u n p u r if ie d  [8-^H] ATP, and 0*4 mM potassium
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p hosphate , were used  in  th e  a ssa y  o f RMA polym erase.
F i g  2 . 6
Absor bance .
P e a k s  e l u t e d  from DEAE-Sephadex  A - 2 6  w i th  
a l inear  gradient of 0-1-1  M TEAC, p H 7-5  .
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i i *  Form aldehyde.
Formaldehyde was p u r i f i e d  a s  d e sc rib e d  by Wallcer (1964). 
Paraform aldehyde was p rep a red  by d i s t i l l i n g  fo rm a lin , c o l le c t in g  th e  
f r a c t io n  d i s t i l l i n g  a t  about 97°C* On co o lin g  th e  d i s t i l l a t e  po lym erises 
to  g ive  a w hite  s o l id .  A lte rn a t iv e ly  paraform aldehyde was p rep a red  by 
s to r in g  fo rm alin  a t  -lO^G* The w hite  s o l id  was washed ivith  w a te r , d r ie d  
over phosphorus pentoxd.de, and s to red*  S o lu tio n s  o f  form aldehyde
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were p rep a red  by decomposing th e  polym er i n  w a ter, a t  pH 7*0, lOO^C* 
U ndisso lved  polym er was removed by f i l t r a t i o n ,  and th e  form aldehyde 
c o n c e n tra tio n  determ ined  as  d e sc rib e d  in  s e c tio n  2 ,2*07 . 
i l l .  P o ly e th y len e  g ly c o l .
P o ly e th y len e  g ly c o l 20 M i s  a  p o ly d isp e rse d  polym er, rang ing  in  
m o lecu lar w eight from 6000 -  38,000* The sm all m o lecu lar w eigh t s p e c ie s , 
which can d if f u s e  th rough  d ia ly s i s  tu b in g , were removed as d e sc rib e d  by 
Poison (l973)«  A 5 ^  s o lu tio n  o f p o ly e th y len e  g ly c o l was made 28 % in  
ammonium su ip h a te , and c e n tr ifu g e d  a t  5 ,200 rpm, J  h , in  th e  6 x  750 
head o f  th e  MSE 61, The bottom la y e r ,  co n ta in in g  th e  h igh  m o lecu lar 
w eight sp ec ie s  (20,000 ™ 3B,000), v/as co n cen tra ted  by e x tr a c t io n  in to  
ch lo ro fo rm . The chloroform  was removed under vacuum.
iv .  T? DM.
T? DNA, p u r i f i e d  by th e  method o f  Thomas & Abelson (1966), was a 
g i f t  from Dr. A.D.B. Malcolm, I t s  260 to  280 rmi absorbance r a t i o  was 
l*63f and i t s  sed im en ta tio n  c o e f f ic ie n t ,  in  n e u tr a l  su crose , gave a 
m o lecu lar w eight o f  25 x  10^  and in  a llc a lin e  su c ro se , 8 x  10^,
V, Urea.
Urea (AnalaR) was r e c r y s t a l l i s e d  from 95 % e th a n o l .  The h o t 
s a tu r a te d  s o lu t io n  was f i l t e r e d  and cooled to  O^C. The c r y s ta ls  were 
f i l t e r e d ,  washed w ith  a l i t t l e  cold  e th a n o l, and d r ie d , f i r s t  between 
sh e e ts  o f  IVhatman 3 Dim p ap e r , and th e n  under vacuum. Before use  a 10 M 
s o lu tio n  was p repared , and d e io n ised  by p ass in g  i t  down a column o f 
mixed bed r e s in  (AG 501 -  X8(D) ) .
2 .2 ,1 2  RNA polym erase a s sa y s .
RNA polym erase was assayed  fo r  i t s  a b i l i t y  to  in c o rp o ra te  a 
r a d io a c tiv e  p re c u rso r  n u c leo s id e  tr ip h o sp h a te  in to  a c id  in s o lu b le  RNA. 
The b a s ic  in c u b a tio n  c o n d itio n s  were;
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S o lu tio n Stock 
(mM) ,
Volume 
added ( | i l )
F in a l
c o n c e n tra tio n
(mI4)
C alf-thym us DNA (Sigma I  
o r W orthington) 4 '5 0*9
T r is  HCl, pH 7*9 200 50 40
|EDTA 0*5 0*1
MgClg 150 12
MnCl^ 12*5 20 1
KCl 2 ,500 200
DTT 25 10 1
Potassium  phosphate , pH 7*9 10 10 0*4
[8-^H] ATP ( -  2 mCi/mM) 4 0*8
GTP 4 50 0*8
CTP 4 0*8
DTP 4 0*8
W ater and enzyme were added to  250 p i .  The DNA c o n c e n tra tio n  was. 
e s tim a ted  u sin g  E (p ) — 6*6 x  10^ (M ahler & C ordes, 1966), Ttie s to ck  
s o lu t io n s  were s to re d  a t  -20^G, in  a l iq u o ts  la rg e  enough fo r  50 a s s a y s .
The s o lu t io n s  were mixed a t  0^0, in cu b a ted  a t  37*^0 fo r  10 min, and 
th en  ra p id ly  cooled to  0°C, The re a c t io n  was stopped  w ith  500 p i  co ld  
BSA (0*2 mg/ml) and 500 p i  co ld  t r i c h lo r o a c e t ic  a c id  (12*5 %), sodium 
p y ro p h o sp h a te  ( l  %), The p r e c ip i t a t e  was a llow ed  to  s ta n d  fo r  15 min 
a t  0^0, and i t  was f i l t e r e d  th rough a 2*5 cm GF/C g la s s  f ib r e  f i l t e r .
The te s t - tu b e  was washed w ith  4 x  3 ml al_iquots, and th e  f i l t e r  was th en  
washed w ith  4 x  10 ml a l iq u o ts ,  o f  co ld  t r i c h lo r o a c e t i c  a c id  (5 %)j 
sodium pyrophosphate ( l  %)o The f i l t e r  was th en  washed w ith  2 x  5 ml o f
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co ld  m ethanol, and d r ie d  under an in f r a - r e d  lam p. The p r e c ip i t a t e  was 
s o lu b i l is e d  v d th  0*5 ml hyamine hydroxide ( 1 M in  m ethanol) f o r  40 min 
at60^C, and counted in  10 ml o f 0*5 % PPO in  to lu e n e . Blanks 
la c k in g  e i th e r  enzyme o r  DNA were used a s  co n tro ls*
A u n i t  o f  enzyme a c t i v i t y  was d e fin ed  as  th e  amount o f  a c t i v i t y  
which in c o rp o ra te d  1 ATP in to  a c id  p r e c ip i ta b le  RNA under th e  above 
c o n d itio n s . The counts in  10 p i  o f  th e  n u c leo s id e  tr ip h o sp h a te  s to ck  
s o lu t io n  was e q u iv a le n t to  40 u n i ts  *
Holoenzyme a c t i v i t y  was m easured w ith  T7 DNA (60 p g /a s sa y )  in s te a d  
o f  calf-thym us DNA, o f a c to r  a c t i v i t y  was m easured w ith  T? DNA 
(60 p g /a ssa y )  and RNA polym erase (c o re )  (20 p g /a s s a y )  re p la c in g  c a l f -  
thymus DNA, In  t h i s  case th e  b lank  con ta ined  a l l  th e  components 
excep t O' f a c to r .
2*2.13 Spectrophotom etry*
i*  A bsorp tion  sp ec tro p h o to m etry .
A bsorp tion  spectropho tom etry  was used to  measure th e  ab so rp tio n  
s p e c tra  o f s o lu t io n s ,  and to  scan polyacry lam ide g e l s .  An SP 8000 
(Pye-Unicam L td .,  Crawley, Sussex, U.K;) was ro u t in e ly  used to  m easure 
th e  a b so rp tio n  s p e c tra ,  in  th e  range 210 -  750 nm, o f  s o lu tio n s  w ith  
volumes ^  1 m l. With s o lu tio n s  o f  low absorbance, a  Cary 15 (V arian , 
Walton-upon-Thara.es, S u rrey , U .K.) equipped id th  a 0 -  0*1 absorbance 
s l id e -w ire  was u sed . A G ilfo rd  240 sp ec tro p h o to m ete r, and a 
S e rv o sc rib e  re c o rd e r , RE 511*20 ( G ilfo rd  In stru m en ts  L td .,  Teddington, 
M iddlesex, U .K.) were used to  measure th e  absorbance o f  sm all volumes 
o f  s o lu tio n  (0*3 m l) , to  scan s ta in e d  po lyacry lam ide  g e ls ,  and to  
m onito r d e n s ity  g ra d ie n ts  from th e  u l t r a c e n t r i f u g e .
The w avelength c a l ib r a t io n  o f  the .S P  8000 was o c c a s io n a lly  checked
fr\
Yrith the holmium and didymium f i l t e r s  supplied w ith the instrum ent. A 
so lu tio n  o f  potassium  chromâte was used to  check th e absorbance
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c a l ib r a t io n  (H aupt, 1952). The tem p era tu re  was c o n tro l le d  u s in g  a 
th e rm o sta ted  c e l l  h o ld e r , o r  a ja ck e te d  c e l l  and a th e rm o sta ted  
c i r c u la t in g  w a te r-b a th  (Haake, ty p e  F4391, B e r l in , Geimiany). The 
tem p era tu re  in s id e  th e  thermo s ta te d  c u v e tte  0»5^G) Yjas determ ined  
from th e  absorbance o f  a  s o lu t io n  o f  c re s o l- re d  i n  3*3 ^ ammonium 
c h lo r id e , pH 8*5. The absorbance o f  t h i s  s o lu t io n  was found to  have a
u s e fu l  tem p era tu re  dépendance in  th e  range o f  25 -  9 5 ^ t, and to
d ec rea se , on av erag e , ~ 0«020D/^C. The c re s o l- re d  s o lu t io n  was 
c a l ib ra te d  -with an SP 800 spec tropho tom eter equipped w ith  a th e rm o sta ted  
h e a tin g  b lo ck . The tem p era tu re  o f  th e  c re s o l- re d  s o lu t io n  v;as assumed 
to  be equal to  t h a t  in  a s im i la r  c u v e tte  equipped w ith  a therm ocouple 
and a c a l ib r a te d  galvanom eter (Pye-Unicam).
S ta in ed  po lyacry lam ide  g e ls  (0*6 x  7 cm) were scanned in  a  0*6 x  
1*0 X 10 cm c u v e tte  (ty p e  2414, G ilfo rd ) ,  a t  1 cm/ndn and w ith  a s l i t  
o f  0*05 X 2*36 mm. The r e l a t i v e  amounts o f  p r o te in  in  th e  bands was
determ ined by v /e ig h in g  t r a c in g s  o f  th e  scan p eak s .
i i .  F lu o rescen ce .
F luorescence  measurements were made w ith  a H ita c h i ,  model HPF-2A, 
flu o re sc en c e  spec tro p h o to m ete r (H ita c h i L td ., Tokyo, Jap an ), equi.pped 
w ith  a th e rm o sta ted  c e l l  h o ld e r . F luorescence  m easurements were made 
a t  25 -  O 'l^G , w ith  1 cm p a th le n g th  f lu o r im e tr ic  c e l l s  r e q u ir in g  a 
2 ml sample volume.
Em ission and e x c i ta t io n  s p e c tra  were determ ined  a s  d e sc rib e d  in  
th e  in s t r u c t io n  manual su p p lied  w ith  th e  in s tru m e n t. A number o f 
p re c a u tio n s  were n ecessa ry  to  ensure  th a t  r e l i a b l e  f lu o re sc e n c e  d a ta  
wei^e o b ta in ed . The c o n c e n tra tio n  o f  RMA-polyiierase was kep t beloif t h a t  
a t  which f lu o re sc en c e  became a n o n - lin e a r  fu n c tio n  o f  c o n c e n tra tio n .
The maximum c o n ce n tra tio n  was determ ined  from th e  e q u a tio n :
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0 . 0 5
G max ~
X b
G max -  c o n c e n tra tio n  above which f lu o re sc en c e  becomes a n o n - l in e a r  
fu n c tio n  o f c o n c e n tra tio n .
— mo]^r a b s o r p t iv i ty  a t  th e  w avelength o f e x c i t a t io n .  ' 
b = 8maple p a th  le n g th  along  a x is  o f  e x c i ta t io n .
To ensure  th a t  good r e s o lu t io n  o f th e  em ission  peak was o b ta in e d , the  
band-pass v/as chosen so t h a t  i t  was le s s  th a n  o f  th e  h a lf-b a n d  
ividth ( th e  band w id th  a t  h a l f  th e  i n t e n s i ty  maximum). S ince so lv en t 
components can in t e r f e r e  w ith  f lu o re sc e n c e  m easurem ents, i t  was shov/n 
t h a t  so lv e n t a lo n e , and so lv e n t and NBS (a  v a ry in g  so lv e n t component 
in  some ex p erim en ts), gave no em ission  bands under th e  c o n d itio n s  used . 
I t  was shown th a t  th e  f lu o re sc en c e  em ission  spectrum  o f  RNA polym erase 
d id  n o t vary  in  th e  le n g th  o f tim e i t  took f o r  an experim ent to  be 
com pleted. F luorescence  s p e c tra  a re  tem p era tu re  s e n s i t iv e ,  and 
o r d in a r i ly  one would expect a  1 to  2 ^ d ec rea se /°G  in c re a s e  in  
tem p e ra tu re . The sample was allow ed to  warm up fo r  s e v e ra l  m inutes in  
a s p e c ia l  c e l l - h o ld e r  o u ts id e  th e  in s tru m e n t, th e rm o sta ted  a.t th e  same 
tem p era tu re  as  th e  f lu o r im e te r ,  b e fo re  i t s  spectrum  was re co rd ed .
67
G H A p T E R 3o
P U R I F I C A T I O N  O F  R N A  P O L Y M E R A S E .
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3olo In tro d u c tio n ,
Three g e n e ra l methods have been used to  p u r i f y  RNA-polymerase from 
la rg e  q u a n t i t ie s  o f co L i. They d i f f e r  in  th e  way th e  enzyme i s  • -,
sep a ra te d  from th e  t i g h t l y  bound RNA polymerase-DNA-RNA complex p re se n t 
in  th e  c e l l  (Bremer & Konrad, 1964). Berg, Cham berlin, and th e i r  co­
workers (Berg ^  a l . ,  1971j Mangel, 1974) have used a com bination o f  
DEAE-cellulose and p ro ta m in e -su lp h a te , w h ils t  Z i l l i g  e t  ( 1970a) 
employed polym in P e x tr a c t io n .  A th i r d  method u t i l i s e s  DNA ase  
d ig e s t io n ,  u l t r a c e n t r i fu g a t io n  and ammonium su lp h a te  f r a c t io n a t io n  
(Burgess & T rav e rs , 1971). A fte r  th e  enzyme has been s e p a ra te d  from 
th e  n u c le ic  a c id , i t  may be p u r i f i e d  by s tan d a rd  p ro c e d u re s . Tvio u s e fu l  
p ro p e r t ie s  o f  th e  enzyme a re  i t s  a b i l i t y  to  b ind  to  both  a n io n ic  and 
c a t io n ic  ion -exchangers  a t  pH 8 , and i t s  s a l t  dependent monomer dimer 
e q u ilib r iu m  (B urgess, 1969a),
S ince  chem ical and s t r u c tu r a l  s tu d ie s  g e n e ra lly  requière la rg e  
q u a n t i t ie s  o f  enzyme, an attem pu was made to  p u r if y  RNA polym erase from 
la rg e  q u a n t i t i e s  o f  c o l l .  Using a m o d if ic a tio n  o f  th e  Burgess &
T ravers ( l9 7 l )  p ro ced u re , th e  enzyme has been s u c c e s s fu lly  p u r i f ie d  from up 
to  1 kg (wet w eigh t) o f  E. c o l i .
3 c2o M a te r ia ls ,
Stock s o lu t io n s :  1 M T r is  .HCl, pH 7*9, a t  20^0
1 M T r is  HCl, pH 7 -5 , a t  4°C
1 M MgClg
0*1 M ^T A , pH 7*0
0 .1  M DTT.
Stock s o lu t io n s  were s to re d  fro z e n .
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B u ffe rs : G- ; 50 Æ  T r is  HCl, pH 7*5
10 mM MgCl^
200 mïi KCl 
Nov 
0*1 inMj^ DTA
0*1 mM DTT
5 % (v /v )  g ly c e ro l .
A : 10 mM T ris  HCl, pH 7 ‘9
10 mM MgClg 
rOûx
0*1 mMj^DTA
0*1 mM DTT 
5 % g ly cero lo
G : 50 mM T r is  HCl, pH 7"9
»N
0*1 mM^DTA 
0*1 mM DTT
5 % g ly c e ro l .
S to rag e  b u f f e r :  10 mM T r is  HCl, pH 7*9
10 m  . MgClg "
100 mM KCl 
(S)‘V.
0*1 mM^ EDTA 
0*1 mM DTT 
50 ^ .g ly c e r o l .
B uffer A t  1*0 M KCl meant th e  s o lu t io n  co n ta in ed , in  a d d it io n ,
1*0 M KCl. B u ffe rs  were f r e s h ly  p rep ared  b e fo re  use*
C e lls :  c o l i  MRE 600 were o b ta in ed  from The M ic ro b io lo g ic a l R esearch
E stab lish m en t, P o rto n , S a lisb u ry , England* The c e l l s  were grown in  
con tinuous c u l tu re ,  a t  37^0, under condita. ons o f carbon l im i ta t io n ,  
and p ro cessed  as  d e sc rib ed  by E lsw orth e t  a l .  (1 968). The c e l l s  were 
washed w ith  a b u f fe r  c o n ta in in g  10 mM T r is  HCl, pH 7*4, 10 ml-I MgAc2 
and s to re d  a t  -70^C*
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3 .3 .  Methodso
The procedure  i s  summarised in  F ig  3 .0 1 .
C e ll d is i’u p tio n .
The fro zen  c e l l s  (4OO- lOOOg) were broken in to  sm all p ie c e s  w ith  a 
m a lle t ,  and suspended in  b u f f e r  G ( l  ml p e r  g c e l l s )  in  an Atomix b len d er 
(M .S .E .). 90 ml p o r t io n s  were homogenised, in  th e  p re sen ce  o f  co ld  g la s s
beads (0 ,1  mm), by shak ing  a t  80 Hz fo r  2 min, a t  4°C, in  a Z iU ig
hom ogeniser ( Z i l l i g  & H o lze l, 1958). The e x tr a c t  v^as poured  in to  a
b eak er, and DNA ase  I  (0«5 mg p e r  100 g c e l l s )  was added. The pH o f
a 1 : 10 d i lu t io n  was a d ju s te d  to  7*5 (a t 4°G) and th e  e x t r a c t  was
all.owed to  s ta n d  f o r  30 min a t  A°C. S ep a ra tio n  o f th e  e x t r a c t  from th e
g la s s  beads was ach ieved  by d ecan tin g  th e  su p e rn a ta n t from th e  s e t t l e d  
beads, washing them s e v e ra l  tim es w ith  b u ffe r  G, and e x tr a c t in g  them 
■with g e n tle  s u c tio n . A lte rn a t iv e ly  the  c e l l s  were homogenised by
s t i r r i n g  in  an Atoraix b lender, a t  medium speed , u n t i l  th e  c e l l s  had
com pletely  thawed, and th en  fo r  a f u r th e r  20 min. O ccasional coo ling  
in  a  s o l id  GO^  -  g l y c o l  m ix ture  was used to  keep th e  tem p era tu re  
between 0 and 5^0. The e x tr a c t  v/as b lended fo r  a f u r th e r  30 s w ith  
DNA ase  I ,  th e  pH a d ju s te d  to  7*5, and th e  e x tr a c t  allow ed  to  s tan d  
fo r  30 min a t  4^0. S u f f ic ie n t  b u f fe r  G was added to  a d ju s t  th e  volume
to  200 ml p e r 100 g c e l l s  (F ra c tio n  I ) ,
H igh-speed c e n t r i f u g a t io n .
F ra c tio n  I  was c e n tr ifu g e d  a t  30,000 rpm fo r  2g h , a t  4°C, in  a 
Beckman 30 ro to r , o r  a t  25,000 rpm fo r  3 i  h , a t  4 '^G, in  an MSE 10 x  100 ml
r o to r .  About 14O ml p e r  100 g c e l l s  o f  c le a r  amber su p e m a te  was
o b ta in ed  (F ra c tio n  I I ) .
Ammonium su lp h a te  f r a c t io n a tio n *
An ammonium su lp h a te  c u t, from 30 to  47 % s a tu ra tio n ,w a s  tak en ,
■*-
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Fig 3-01 Summary of purification procedure
E.COLI
d i s r u p t i o n
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D E A E - c e l l u l o s e  
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l o w  s a l t  g e - f i l t r a t i o n
FRACTION Y
g l y c e r o l  g r a d i e n t  
c e n t r i f u g a t i o n
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and baclwashed tw ice  w ith  42 % ananonium su lp h a te  (B urgess & T rav e rs , 
1971) ,  The p e l l e t  was d is so lv e d  in  b u ffe r  A (abou t 100 m]_ p e r  100 g
c e l l s )  to  a c o n d u c tiv ity  l e s s  th a n  o r  eq u a l to  b u ffe r  A t  0*13 M KCl
(F ra c tio n  I I I ) .
DEAE -  c e llu lo se *
DEA E-cellulose was p rep a red  as d e sc rib e d  in  s e c t io n  2 .2 .04*  - The 
ion -ex ch an g er ($0 ml bed volume p e r  100 g c e l l s )  v/as e q u i l ib ra te d  w ith
b u f fe r  A, a t  4 °0 . F ra c tio n  I I I  vjas a p p lie d  a t  0*5 -  1*0 column
volumes p e r  h , th e  column was washed w ith  3 “ 4 volumes o f b u ffe r  A 4- 
0*13 M KCl, and th e  enzyme e lu te d  w ith  a l in e a r  s a l t  g ra d ie n t from A 4- 
0*13 M to  A -f 0*30 M KCl- (300 ml p e r  100 ml bed volum e). RNA
polym erase e lu te d  a t  0*17 M K C l. (F ig  3*02), j u s t  b e fo re  a  peak o f
n u c le ic  a c id  (F ra c t io n  IV ). The 280 : 260 nm absorbance r a t i o  was 
ch eck ed ,to  ensure  i t  was g re a te r  th an  1*1, b e fo re  low s a l t  g e l 
f i l t r a t i o n .
low s a l t  g e l  f i l t r a t i o n .
F ra c tio n  IV was co n cen tra ted  by adding 35 g o f  ammonium su lp h a te  
p e r  100 m l. The suspension  was s t i r r e d  fo r  30 min a t  4 °0 , c e n tr ifu g e d  
f o r  30 min a t  10,000 rpm, and th e  p e l l e t  d is so lv e d  in  10 ml b u ffe r-C ,
A 5 X 60 cm column o f  B io-G el A was e q u i l ib r a te d  w ith  b u f fe r  C a t
4°C. The enzyme v/as a p p lie d  and e lu te d  a t  60 ml p e r  h (F ig  3*03). I t
e lu te d  a t  1*45 tim es th e  vo id  volume (F ra c tio n  V).
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F ig  3 '0 2 a  D E A E - c e l lu lo s e  c h ro m a to g ra p h y , 
a p p lic a t io n  and w a sh .
Absorbance
0 4 A-5-Q-13M w a s h--appl ication
0-2
3-02-01 0
Volume (I)
F ra c tio n  I I I ,  from 1000 g c e l l s ,  was a p p lie d  to  a ^00 ml (5 x  25 cm) 
DIilAE“ CellU-lose column. The ion-exchanger was washed v i th  2*5 1 o f 
b u ffe r  A 1  0«13 M KCl. (Flow r a te  = 300 m l/h ) .
Fig 3 0 2 b  D E A E - C e l l u l o s e ,  gra d ie n t  e l u t i o n ,
Absorbance.
Activity.
(Units/ml)
pooled 40004
200
60■20 40
Fract ion number.
The enzyme was e lu te d  w ith  a l in e a r ,  1«5 1 , A + 0*13 » A 0*30 M KCl 
g ra d ie n t (F ra c tio n  s iz e  = 15 m l) .
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Fig 3 03 Agarose chromatography in low salt.
Activity
(Units/ml)o—o
1200
A b s o r b a n c e
800
400
604020
Fract ion number
F ra c tio n  IV, d is so lv e d  in  10 ml o f b u ffe r  C, was a p p lie d  to  a 5 x  60 cm 
Bio-G el A 5 column» The column ivas e lu te d  a t  60 in l/h j 12 ml f r a c t io n s  
were co lle c ted *
P hosp h o cellu lo se  chromatography*
P h o sp h o cellu lo se  was p rep a red  as d e sc rib e d  in  s e c tio n  2 .2 .04*  The 
ion -ex ch an g er (20  nO. bed volume p e r 100 g c e l l s )  was e q u i l ib ra te d  w ith  
b u f fe r  C *F 0*05 M KCl a t  4°G, F ra c tio n  V was a d ju s te d  to  0*05 M KCl, 
and a p p lie d  a t  0*5 -  1*0 column volumes p e r h* A f te r  washing th e  io n -  
exchanger w ith  2 - 4  column volumes' o f b u ffe r  G 1  0*05 M KCl, fo llow ed 
by b u ffe r  C + 0*25 M KCl, th e  enzynie was e lu te d  w ith  b u ffe r  
C 4- 0*4 M KCl (F ig  3 . 04 ) .  I t  was co n cen tra ted  by u l t r a f i l t r a t i o n  under 
N2 (see  s e c tio n  2 .2 .0 8 )  to  about 5 mg p e r  m l, and d ia ly s e d  a g a in s t  
s to ra g e  b u f f e r .  The enzyme was s to re d  a,t -20°G, a t  a  c o n ce n tra tio n  o f 
5 mg p e r ml o r  g r e a te r .
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Fig 3-04 Phosphj>cel lulose chromatography
Absorbance
A c t i v i t y
(Units/ml)
I-0-05M \vash-i-0-25M wash- 0 4M wash 40 6
2000
0 4
1000
0-2
6 020 4 0
F r a c t i o n  num ber
F rac tio n  Y, (.1000 g c e l l s ) ,  in  b u f fe r  0 + 0*0$ M KCl, was a p p lie d  to  
a 1^0 ml (2*6 x  28 cm) p h o sp h o ce llu lo se  column. The column was 
washed w ith  300 ml o f  b u ffe r  C 1  0*05 M KCl, 300 ml b u f f e r  C 1
0.25 M KCl, and b u ffe r  C 1  0*4 M K Cl. (Flow r a t e  = 150 m l/h , 
f r a c t io n  s iz e  = 12 ml.).
G lycero l « g ra d ie n t c e n tr i fu g a t io n .
F ra c tio n  V was co n cen tra ted  by adding 35 g ammonium su lp h a te  to  
100 m l. A fte r  s t i r r i n g  fo r  30 min. a t  4^C, and c e n tr i fu g a t io n  fo r  30 
min a t  10,000 rpm, th e  p e l l e t  was d is so lv e d  in  b u f f e r  A (0*5 ml. p e r  
100 g c e l l s )  and d ia ly se d  in to  b u f fe r  A 1  1*0 M KCl (» g ly c e r o l) .  I t  
was la y e re d  onto  a 10 -  30 ^ g ly c e ro l g ra d ie n t, in  b u f fe r  A t  1 .0  M 
KCl, and c e n tr ifu g e d  f o r  22 h a t  40,000 rpm, 4°0, in  a Beckman S¥ 40 
r o to r  (F ig  3 ,0 5 ) , o r fo r  36 h a t  25,000 rpm ,in  an SW 25*2 r o to r .  The 
enzyme v/as d ia ly se d  in to  s to ra g e  b u ffe r , and s to re d  a t  -20^0*
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F i g  3  0 5  H i g h - s a l t  g l y c o r o l  g r a d i e n t  
c e n t  ri  f u g  a t i o n .
A b so r b a n c e
A c t i v i t y
( U n i t s /r n l )
0-4 poo led 1000
0-2 500
10 20
F r a c t i o n  numb er .
0*5 inl samples o f  F ra c tio n  V (lO mg/ml) were la y e re d  onto  a 12 m]..,
10 -  30 % g ly c e ro l g ra d ie n ts  in  b u ffe r  A -f 1*0 M KCl^ and c e n tr ifu g e d  
a t  40,000 rpm, fo r  22 h , a t  4^0, in  a Becloiian SW 40 r o to r .  0*5 ml. 
f r a c t io n s  were c o lle c te d .
Fig 3 OG D E A E - c e l l u l o s e  chromatography  
of cr f ac t or .
Activity
Absorbance * (cpmxIO ) M.KCl
£> A o—o
20
4020
-3. 
-1 "lO 0 4
0-2
Fraction number
The p h o sp h o ce llu lo se  flow -through  (400 g c e l l s )  was a p p lie d  to  a 0*9 x  
12 cm DEAE-cellulose column a t  14 m l/h . The ion -exchanger was washed 
v/ith 20 ml b u ffe r  G + 0*05 M KCl, and e lu te d  vd th  a SO ml g ra d ie n t 
from G + 0*03 -  C t  0-65 M KCl, 1*5 m3, f r a c t io n s  were c o l le c te d .
23 p i  samples were assayed  fo r  o" a c t i v i t y .
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Second DE/Æ ™ c e l lu lo s e  chrom atography.
The flow -th rough  from th e  p h o sp h o ce llu lo se  column was a p p lie d  to  
a DEAE-cellulose column (2  ml p e r 100 g c e l l s )  e q u i l ib ra te d  w ith  b u ffe r  
C 1  0*05 M KCl, a t  4°C. The ion -exchanger was washed ic ith  3 - 4  column 
volumes o f b u ffe r  C + 0 * 0 5  M KCl, fo llow ed by a l i n e a r  s a l t  g ra d ie n t 
(lO  column volume) from b u f fe r  C + 0*05 M KOI to  b u f fe r  C + 0*63 M K Cl. 
The f r a c t io n s  were assayed  fo r  cr a c t i v i t y  (F ig  3*06).
P u r i ty  o f RDJA polym erase.
P u r i ty  o f  Rill polym erase from each p re p a ra t io n  was e s tim a te d  by 
SD S-polyacrylam ide g e l e le c tro p h o r e s is ,  s p e c if ic  a c t i v i t y ,  and th e  r a t i o  
o f  absorbance a t  280 and 260 nm.
3.4o R esu lts  and D iscu ssio n .
3 .4 .1  P u r i f ic a t io n  o f  core  enzyme.
P rocedure ,
Complete p u r i f i c a t io n  o f  core  enzyme t o o k  th re e  days from c e l l  
d is ru p tio n  to  th e  s to ra g e  o f  th e  enzyme. This tim e was k ep t to  a  
minimum because th e  enzyme was found to  be l a b i l e  i n  crude e x t r a c t s .
The c e l l s  were d is ru p te d  by shaking w ith  g la ss  beads, o r  s t i r r i n g  
in  a  b le n d e r . Both methods were e q u a lly  e f f i c i e n t ,  as  judged by th e  
amount o f p ro te in  in  th e  e a r ly  f r a c t io n s ,  and th e  f i n a l  y ie ld  o f  
enzyrae. S t i r r in g  p ro b ab ly  le d  to  c e l l  d is ru p tio n  by thaw ing ( Lowe,
1974)> and was more convenien t because th e re  were no g la s s  beads to  
remove, DNA ase  I  was d is so lv e d  in  b u ffe r  G and added im m ediately , 
s in c e  i t  was l a b i l e  in  t h i s  b u f fe r  (M ailing & A tk inson , 1972),
U ltra c e n tr i fu g a t io n  was th e  most d i f f i c u l t  s te p  to  s c a le  up, and 
th e  l a r g e s t  amount which could  be handled co n v en ien tly  was 1000 g c e l l s .  
This s te p  removed c e l l  d e b r is  and ribosom es, and most o f  th e  rem aining 
n u c le ic  a c id  was removed by ammonium su lp h a te  f r a c t io n a t io n  and DEAE-
7Ô
c e l lu lo s e  chrom atography. I f  to o  much n u c le ic  a c id  was ap p lie d  to  th e  
column th e  a c t i v i t y  t r a i l e d  in to  th e  n u c le ic  a c id  peak . This could  
be overcome by im proving th e  A +  42 % ammonium su lp h a te  washing 
p ro cedu re , o r by in c re a s in g  th e  s iz e  o f th e  column. I f  th e  280 : 260 nm 
absorbance r a t i o  o f  F ra c tio n  IV was le s s  th an  1°0, th e  enzyme bound to  
th e  n u c le ic  a c id  du rin g  g e l - f i l t r a t i o n  and e lu te d  p a r t i a l l y  in  th e  void  
vo3_ume, I f  th e  absorbance r a t i o  was too  low excess n u c le ic  a c id  was 
removed on a 2*6 x  100 cm.Bio-Gel A l»5m column e q u i l ib r a te d  w ith  
b u f f e r  A 1  1*0 M KCl. F ra c tio n  V was approx im ate ly  50 ^ pure on SDS 
polyacry laiîiide  g e ls ,  and in  th e  m a jo rity  o f p re p a ra t io n s  
p h o sp h o ce llu lo se  chromatograpliy was used to  g ive  pu re  core enzyme.
F ig  3 .0 7  Summary o f  E, coli. MkE 600 RNA polyraerase p u r i f i c a t io n  .
F ra c tio n D e sc rip tio n
T o ta l
p ro te in ^
(mg)
T o ta l
a c t iv i ty ^
(u n i t s )
S p e c if ic
a c t i v i t y
(und.ts/mg)
Y ield^
( / )
I Crude e x tr a c t 7 ,000 9,000 1-3 100
I I U ltra c e n tr ifu g e  su p ern a te 3 ,800 .9,000 2*5 100
I I I Ammonium su lp h a te  f r a c t io n i;.ooo 9,000 9*0 100
IV DEAE-cellulose peak 170 11,000 65 120
V Agarose A 5 m peak 37 13,000 350 145
P ho sp h o cellu lo se  peak . 10 7,000 700 80
f i n a l  core enzyme.
G ly cero l g ra d ie n t peak. 22 12,500 570 140
F in a l holoenzyme.
1 . The r e s u l t s  a re  g iven  p e r  100 g o f c e l l s .
2 . Determ ined as d e sc rib e d  in  s e c t io n  2 ,2 ,0 7 .
3 p Assayed w ith  a calf-thym us DNA tem p la te .
4 . The y ie ld  i s  n o t m eaningfu l fo r  F ra c tio n s  I
p resen ce  o f DNA ase  I  and n u c le ic  acids*
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I I I  due to  th e
Y ield  and p u r i f ic a t io n *
A sutiimary o f  th e - p u r i f i c a t io n  i s  g iven  in  F ig  3 «07, and SDS- 
polyacrylaird.de g e ls  o f  v a rio u s  f r a c t io n s  in  F ig  3 «08 & 3.09*
The y ie ld s  o f a c t i v i t y  fo r  F ra c tio n s  I  -  I I I  were n o t m eaningful 
due to  th e  p resen ce  o f  DNAase I  and n u c le ic  acid* A more r e a l i s t i c  
e s tim a te  fo r  f r a c t io n  I I I  was 65 " 70 ^  s in c e  some enzyme was p ro la b ly  
tra p p e d  in  th e  u l t r a c e n t r i f u g a t io n  and ammonium su lp h a te  p e l l e t s .  A 
f u r th e r  30 % could  be l o s t  by o v erlo ad in g  th e  DEAE-cellulose w ith  
n u c le ic  a c id .  F ra c tio n  V co n ta in ed  50 % RNA polym erase, and th e  y ie ld  
was a t  b e s t  60 -  ?0 F u r th e r  p u r i f ic a t io n  on p h o sp h o ce llu lo se  le d  to  
a 45 -  50 ^ lo s s  o f  both  a c t i v i t y  and enzyme s u b u n its . This was p robab ly  
an o v e re s tim a te  because cr ,  which was l o s t  in  th e  flo w -th rough , 
s t im u la te s  t r a n s c r ip t io n  on calf-thym us DNA (S a g a r-S e th i, 1971). RI\IA 
polym erase su b u n its  could  be d e te c te d  in  th e  flow  th rough  and column 
wash (F ig  3 .0 9 ) ,  bu t th e s e  f r a c t io n s  contained l i t t l e  a c t i v i t y  (F ig  3 .0 4 ) .  
This su g gested  t h a t  th e  column removed, o r c re a te d , in a c t iv e  
subassem blies o f th e  enzyme. Some enzyme was p ro b ab ly  a ls o  l o s t  by 
n o n -s p e c if ic  a d so rp tio n , s in c e  a  r e l a t i v e ly  la rg e  volume o f io n -  
exchanger was re q u ire d , and a f a i r l y  pure  enzyme sample was a p p lie d .
The f i n a l  y ie ld  was 10 mg p e r  100 g c e l l s .
P u r i ty .
A pu re  p re p a ra t io n , w ith  a c o n s ta n t su b u n it com position, and 
la ck in g  in t e r f e r in g  enzyme a c t iv i t ie s ,w a s  re q u ire d  f o r  chem ical 
s tu d ie s .  P u r i ty  was e s tim a te d  from th e  s p e c i f ic  a c t i v i t y ,  
absorbance r a t io ,  a t  280 and 260 nm, and by e le c tro p h o re s is  i n  the  
p resence  o f  SDS and u re a ,
SDS g e ls  (F ig  3*10) o f  10 pg o f core enzyme showed th e  
c h a r a c te r i s t i c  su b u n its  o f  th e  enzyme, w ith  a  r a t i o  o f 0*85 -  0*95 : 1 
( p t  p : cx ) o f  bound Coomassie B lue, H eavily  loaded  g e ls  re v e a le d
80
rig 3*0d electrophoretic analysis of Fractions ± ± 1  - V
^ " ' 0
1 2  3 4 5 6
oDS polyacrylamide gels (5 were run with l) 25 pg, 2) 100 pg. 
Fraction III; 3) 10 pg, 4) 100 pg. Fraction IV; 53 10 pg,
6) 50 pg. Fraction V.
rig 3.09 Electrophoretic analysis of phosphocellulose fractions,
P> P
ol)3 polyacrylamide gels were run with 1 ) 8  pg, 2) 40 pg, 
Phosphocellulose flow-through; 3) 8 pg, 4) 40 pg, fraction IV 
rig 3.04); 5) 14 pg C + 0«25M wash.
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Fig 3.10 lilectrophoretic analysis oi core enzyme.
I
>p
\ / \ / 
II
• I
y
t
5
poiyacrylainiae gels were run with l) 10 pg, 2) 100 pg, ana a urea 
'el with 3; 50 pg, ol core enzyme. U) and 5) are scans of the SDS and 
urea gels respectively.
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sm all amounts o f con tam inating  p r o te in s .  Gel scans showed th a t  th e se  
contam inants were l e s s  than  5 % o f th e  t o t a l  p ro te in  (F ig  3 . 10)» 
O ccasio n a lly  contam inants were seen which ran  in  th e  p o s i t io n  o f cr and 
w (B urgess, 1971, Cham berlin; 1974b), and le s s  f r e q u e n tly  a p ro te in  
im m ediately  ahead o f oc . Urea g e ls  showed two d i s c r e te  bands, oc and p , 
and a s e r ie s  o f  h igh  m o lecu lar sp e c ie s  which appeared  to  a r i s e  from 
c ro s s lin k in g  o f  p (Lowe, 1974)« No o th e r bands could  be d e te c te d . 
S p e c if ic  a c t i v i t i e s  o f  600 -  800 u n i ts  p e r  mg, and 280 ; 260 nm 
absorbance r a t i o s  o f  1*6 -  1*9 were found. No RNA form ing a c t i v i t y  
could be d e te c te d  when 25 pg was in cu b a ted  in  th e  nomnal assay  
s o lu t io n s  la ck in g  DNA and po tassium  phosphate (a  p o ly n u c le o tid e  
phosphory lase  i n h i b i t o r ) .  The p ro p e r t ie s  o f  th e  pu re  enzyme a re  
summarised in  F ig  3 .1 1 .
F ig  3 e l l  P ro p e r t ie s  o f  pure  core-enzym e.
S p e c if ic  a c t i v i t y  600 -  800 u n its /m g
Absorbance r a t i o  (280 nm/260 nm) 1*6 -  1*9 
G e l-e le c tro p h o re s is  95 % o f  d e te c ta b le  p r o te in .
P o ly n u c leo tid e  phosphory lase  u n d e te c ta b le .
3*4.2  P u r i f i c a t io n  o f  holoenzyme.
F ra c tio n  V was p u r i f ie d  f u r th e r  by h igh  s a l t  g ly c e ro l g ra d ie n t 
c e n tr i fu g a t io n .  The r e s u l t in g  enzyme was about 75 % p u re  holoenzyme 
(F ig  3 .1 2 ) .  The m ajor rem aining contam inant had a m o lecu lar w eight o f  
about 60,000, This contam inant e lu te d  from DEAE-cellulose and Bio Gel 
A 5m in  th e  same p o s i t io n  a s  holoenzyme, and ran  ahead o f  i t  on high  
s a l t  g ly c e ro l g ra d ie n t  c e n tr ifu g a tio n  ( r e s u l t s  n o t shovm) .  The 
p ro p e r t ie s  o f  th e  enzyme a re  summarised in  F ig  3*13*
83
Fig 3*12 electrophoretic analysis of holoenzyme
y
a  —
An SDS polyacrylamide gel was run with 36 pg holoenzyme, and it was 
scanned.
Fig 3.15 5Uy polyacrylamide gel determination of KNA-polymerase 
subunit molecular weights.
#
i
5 6 7 B
Molecular weight standards were prepared from glutamate dehydrogenase, 
aldolase, lysozyme, and ovalbumin, by the method of Carn«nter & 
Harrington (1972). The gels were loaded with l) 125 pg of glutamate
dehydrogenase, 2) 63 pg of glutamate dehydrogenase + 30 pg core,
3) 125 pg of aldolase, U ) 63 pg of aldolase ^  30 pg core, 5 )  125 pg
lysozyme, 6) 63 pg of lysozyme + 30 pg core, '/ j 125 pg of ovaluumin,
B) 63 pg ovalbumin t- 30 pg core.
F ig  3 .13  P ro p e r t ie s  o f  the  holoenzyme p re p a ra t io n .
S p e c if ic  a c t i v i t y  ~ $50 Units/mg
Absorbance r a t i o  (280 nm:260 nm) = 1*7
SDS po lyacry lam ide  g e ls  -  75 ^ pure  (main contam inant =
60^000 m ol.v /t, 1$ % 
o f  t o t a l  p r o te in ) ,
o" co n ten t = 0*6 ~ 1®0
P o ly n u c leo tid e  phosphory lase  — un d ec tab le
3*4.3 P u r i f i c a t io n  o f  cr f a c to r .
Impure cr f a c to r  ivas a  by -p roduct d u ring  th e  p u r i f i c a t io n  o f  co re - 
enzyme, and i t  was expected  th a t  i t  could be e a s i ly  s e p a ra te d  from th e  
rem aining im p u r i t ie s  because o f i t s  low er i s o e l e c t r i c  p o in t, and 
sm a lle r m olecu lar w e ig h t. A p a r t i a l  p u r i f i c a t io n  was ach ieved  by 
chrom atography on DEAE-cellulose (F ig  3*06). The main im p u r it ie s  
e lu te d  a t  0*l6  -  0*1? M KCl, w h ils t  cr e lu te d  a t  0*2 M KCl. SDS 
polyacrj'-lam ide g e ls  (F ig  3*14) showed th a t  th e  p u re s t  f r a c t io n  
con ta ined  30 ^ cr , and th e  main im p u rity  was th e  60,000 m ol. vrb, 
component. S ince t h i s  p ro te in  ran  as a  h igh  m o lecu lar w eight ag g reg a te , 
ahead o f holoenzyme on h igh  s a l t  g ly c e ro l g ra d ie n ts ,  t h i s  could be used 
as a  f u r th e r  p u r i f i c a t io n  s te p .  The l a t t e r  f r a c t io n s  o f  the  
ph o sp h o ce llu lo se  flow  th rough  con ta ined  p a r t i a l l y  p u r i f i e d  a  (F ig  3 .0 9 ) , 
p o s s ib ly  because o f  an a f f i n i t y  fo r  th e  core enzym e-phosphocellu lose 
complex, o r a slow  r a t e  o f  d is s o c ia t io n  o f holoenzyme.
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F ig  3 c 14 P u r i f i c a t io n  o f  cr on DEAE-celXul.ose,
F ra c tio n  number 
(see  F ig  3 «06)
Weight f r a c t io n  {%) o f  po ljq^ep tides on SDS g e ls .
39,000 $4,000 60,000 O' 160,000
O rig in a l m a te r ia l 6 9 63 12 3
14 3 54 22 8 4
19 2 13 54 17 12
20 k  21 2 1 47 30 9
24 2 4 70 9 11
3*4 .4  M olecular w eigh ts o f  RNA polym erase s u b u n its .
I t  i s  d i f f i c u l t  to  e s tim a te  th e  m olecu lar w eights o f  th e  la rg e  
su b u n its  o f  RNA polym erase, and^t^^unam biguously^assign com positions 
to  c ro s s lin k e d  sp e c ie s  (King e t  aJ.,1 9 7 4 b ) because o f  th e  la c k  o f 
s u i ta b le  h igh  m o lecu lar w eigh t m arkers. P re lim in a ry  r e s u l t s  m th  
am id inated  RNA polym erase su g gested  th a t  c ro s s - l in k in g  o ccu rred  which 
was s ta b le  to  1 ^  SDS, 1% 2 -  m ercap toethano l a t  lOO^^C, and m arkers were 
re q u ire d  to  c h a r a c te r is e  them . C arpen ter and H arring ton  (1972) 
d e sc rib ed  a method o f  g e n e ra tin g  m arkers by crosslâ .nk ing  protein-SD S 
m ic e l le s .  When a ld o la se  (4  x  42,000; S ine & Hass, 1969), lysozyme 
(14 ,300 ; Weber e t  a l , ,  1971); ovalbumin (43 ,000; Weber e t  a l . ,  1971) 
and g lu tam ate  dehydrogenase (6 -  8 x  $6,000; Krause e t  g l . ,  1974) were 
c ro s s lin k e d , sp e c ie s  upto 270,000 m ol. -wt. were g en era ted  (F ig  3*15).
A p lo t  o f lo g  (m ol, w t .)  a g a in s t  m o b ility  gave a s t r a ig h t  l i n e  which 
was used to  c a lc u la te  th e  m ol, w t, o f th e  RNA polym erase su b u n its  
(F ig  3»1 6 ). The r e s u l i s  a re  summarised in  F ig  3 .17  to g e th e r  vALth o th e r  
re p o rte d  v a lu e s .
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Fig 3 16 Plot of log{m ol.wt.) V moblUty for 
the crossUnked standards.
log(mot .wt . )
6 0
5 0
4 0
00 0-5
Mobil i ty .
1-0
The m o b i l i t ie s  o f  th e  m o lecu lar w eight s tan d a rd s  and enzyme su b u n its  
were determ ined  r e l a t i v e  to  th e  broraophenol b lue  m arker (F ig  3 .1 $ ) .  
The curve f i t s  th e  eq u ation  y  "  “1*22 ( -  0*02)x 1  $*$$ (1* 0 * 0 l) .
( 0—e  = lysozym e, o—o = g lu tam ate  dehydrogenase,
— a ld o la s e ,  A—a = ovalbum in).
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F ig  3 c l?  M olecular w eigh ts o f RNA polym erase s u b u n its .
S tr a in  o f Subunit
R eference
E. c o l i P a
M E 600 85,000 
±  5,000
155,000
t  5,000
145,000 
i  5,000
37,500
± 500
Fig  3*16
MRE 600 78,000 145,000 37,000 Lochhead(l97l)
B 86,000 150,000 145,000 41,000 Berg e t  a l .  
(1971)
B 95,000 170,000 42,000 Lowe (1974)
King &
N icholson( 1971)
K12 86,000 150,000 145,000 41,000 Berg e t  
(1971)
K12 95,000 165,000 155,000 39,000 Burgess (1969 b)
The v a lu es  ag reed  w ith  o th e r  p u b lish ed  r e s u l t s .  E v id en tly  c ro s s lin k in g  
had no t a f f e c te d  th e  s t r u c tu r e  o f th e  SD S-protein complex (Reynolds & 
T anford, 1970) and th ey  could be used a s  m arkers ,
3 ,5  Summa ry .II liiiiw III —!■, !■»— iirw,iin„qafcjaÎBB»im»
RNA polym erase co re  enzyme was p rep a red  from upto  1 kg o f  c o l i ,  
w ith  a  y ie ld  o f 10 mg p e r  100 g c e l l s ,  and a p u r i ty  ^ 9 5  Holoenzyme
was p u r i f ie d  to  75 %, and cr to  30 ^  p u r i t y , Core enzyme was co n sid ered  
to  be s u i ta b le  f o r  chem ical s tu d ie s  because o f  i t s  p u r i ty  and 
hom ogeneity. Holoenzyme was l e s s  s u i ta b le  because o f  i t s  la r g e r  s iz e  
and more complex p ro p e r t ie s  than  core  enzyme, and th e  v a r ia b le  y ie ld s  
o f cr , I t  was used fo r  th e  form aldehyde m e ltin g  s tu d ie s .
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C H A P T E R  A.
N - . B R O M O S U C C I N I M I D E  O X I D A T I O N  
O F  C O R E  E N Z Y M E .
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4e1. In tro d u c tio n  *
N-Bromosuecinimi.de has been used to  s tu d y  try p to p h an  re s id u e s  in  a 
number o f  p r o te in s .  Tliis re ag en t was used to  i d e n t i f y  e s s e n t i a l  
try p to p h an s  in  d i.h y d ro fo la te  re d u c ta se  (Wi3JLiains, 19751 H u  & Dunlap, 
1974; Wanvick e t  a j . ,  1972; F reisheim  & Huennekens, 1969), 
rib o n u c le a se  T 1 (lîawashiraa & Toshio, 1969), lysozyme (H ayashi e t  a l , ,  
1965) , DMA ase  (Poulos & P r ic e ,  1971), and ocamylase (F u jim o ri e t  a l« ,  
1974).
At a c id  pH, and low m olar r a t i o s  o f  reag en t to  p r o te in ,  MBS 
s e le c t iv e ly  o x id is e s  try p to p h an  re s id u e s  (Spande & W itkop, 1967)0 
The re a g en t i s  a sou rce  o f bromonium io n s , which r e a c t  w ith  th e  .ijidole 
s id e  chain  to  g iv e  an oxLndole. According to  Green & Witkop ( 1964) 
th e  r e a c t io n  mechanism i s ;
OH
NB5
HBr
■R
—
O xidation  i s  accojcpanied by a lo s s  o f absorbance a t  280 nm, which can 
be used to  fo llo w  th e  re a c t io n  (Spande & W itkop, 1967) .
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The re a g e n t w i l l  a lso  r e a c t  w ith  ty ro s in e  and h i s t i d i n e .  For 
model p e p tid e s  th e  r e a c t i v i t y  i s  t r p  >  t y r  >  h is  in  50 % aqueous a c e t ic  
a c id  (Schmir & Cohen, 1961). As th e  pH i s  r a is e d  tow ards n e u t r a l i t y  
th e re  i s  an in c re a se d  r e a c t i v i t y  o f ty ro s in e  and h i s t i d in e ,  r e l a t i v e  to  
try p to p h an  (Spande e t  1970; Ki'onman e t  1967). In  some cases
th e  s e le c tiv z lty  a t  n e u t r a l  pH can be com pletely  re v e rse d , and h i s t id in e  
i s  a tta c k e d  p r e f e r e n t i a l l y  (Brand & S h a l t i e l ,  1963; Brand & S h a l t i e l ,  
1964; W illiam s, 1975), w h ils t  in  o th e rs  i t  on ly  a t ta c k s  tryp tophan  
(L iu  & Dunlap, 1974)+ C y ste in e , c y s t in e , and m eth ion ine  a re  a lso  Icnown 
to  r e a c t  w ith  NBS (Vdtkop, 1961; F reisheim  & Huennekens, 1969;
W illim iis, 1975). T ryosine o x id a tio n  in te r f e r e s  w ith  t h e  u se  o f 
absorbance changes to  m onito r lo s s  o f  try p to p h an  (Kronman ^  a l . ,  1967; 
Schmir & Cohen, 1961).
In  model s tu d ie s  1 - 2  moles o f  MBS a re  re q u ire d  to  o x id ise  one 
try p to p h an . In  p ro te in s ,  even when a l l  s id e  r e a c t io n s  w ith  o th e r  ami.no 
a c id s  a re  excluded , up to  9 moles p e r  mole a re  re q u ire d  ( l i u  & Dunlap, 
1974). I f  excess re a g e n t i s  added, a v a r ie ty  o f  s id e  re a c tio n s  can 
o ccu r, such as th e  fo rm ation  o f  5"brom o-oxindoles (Green & W itkop, 1964); 
and s e le c t iv e  c leavage o f try p to p h an  and ty ro s in e  p e p tid e  bonds (Spande 
& Witkop, 1967; . Spande ^  a l . ,  1970).
In. th e se  s tu d ie s  MA polym erase (c o re )  has been m o d ified , a t  
pH 7*9, w ith  low m olar r a t i o s  o f re a g e n t. S tu d ie s  a t  low er pH v a lu es  
were n o t p o s s ib le ,  idMe- to  th e  i n s t a b i l i t y  o f th e  enzyme (Novak & Doty,
1970) .
4 .2 .  R e su lts  and D iscu ssio n .
4 . 2 .1  O xidation  o f  co re  enzyme.
MBS was found to  in a c t iv a te  RNA polym erase co re  enzyme, r a p id ly .
The re a c tio n  was com plete w ith in  5 min a t  e i th e r  37^C (F ig  4 .0 1 ) , o r 
25^C (F ig  4 . 02 ) ,  which was c o n s is te n tw ith  th e  knovm r e a c t i v i t y  o f  th e
91
re a g en t (F u jim o ri e t  1974; Spande & W itkop, 1967)*
F luo rescence  lo s s  was a  slow er p ro c e ss , bu t s in ce  excess reag en t 
was added, th e  r a t e  o f  r e a c tio n  in  t h i s  case was p ro b ab ly  d ic ta te d  by 
th e  r a t e  o f  exposure o f p re v io u s ly  u n re a c tiv e  groups (see  l a t e r ) .  The 
e x te n t o f  in a c t iv a t io n  in  f iv e  m inutes depended upon th e  m olar r a t i o  o f  
re a g en t to  enzyme (F ig  4 ,0 1 ) ,  DTÏ was p re s e n t in  th e  b u f f e r  used  fo r  
t h i s  experim en t, and s in c e  th e  NBS could r e a c t  w ith  t h i o l s ,  p robab ly  
on ly  a  sm all p ro p o r tio n  o f  th e  reag en t was consumed in  in a c t iv a t in g  th e  
enzyme.
Fig 4-01 h O S S  OF ACTIVITY OF RNA POLYMERASE < CORE) ON OXIDATION
WITH N-BROMOSUCCINIMTDE
CONTROL
20 30
Time (min)
SOiuM NBS
lOO^ M
200/iM NBS
RNA polym erase (0»3 pM), in  b u f fe r  A, a t  37^C, was re a c te d  w ith  NBS 
( f r e s h ly  p rep ared  b e fo re  u s e ) .  Samples were d i lu te d  te n fo ld  in to  th e  
norm al a ssay  m ix tu re , and th e  r e s id u a l  a c t i v i t y  was de term ined .
9 2
Fig4-02 LOSS OF ACTIVITY AND FLUORESCENCE WITH 
EXCESS N~BROMOSUCCINIMIDE
100
o0
1wOJ
ë0
F lu o r e sc e n c e
t)
< A ctiv ity
155 100 20
T im e (m in)
2 ml o f RNA polym erase core enzyme (0»32 in  b u f fe r  M (lO  T ris
HCl pH 7*9, 10 mM %  Cl ,  0-1 mH EDTA; 0.2M KCl, 5 % g ly c e r o l) ,  a t  
was re a c te d  m th  40 p i  o f  5 niM NBS (330 fo ld  m olar e x c e s s ) . 
Changes in  flu o re sc en c e  em ission  were fo llow ed , and, a t  i n t e r v a l s ,
20 p i  sam ples were d i lu te d  vjith  180 p i  a ssay  nii-xture (-NTP) a t  O^C. 
The a ssay  s o lu t io n s  co n ta in ed  0*2 mI4 in d o le  to  s to p  th e  r e a c tio n  w ith  
NBS, R esidua l a c t i v i t y  was m easured a t  25‘^ C, f o r  20 m in, (E x c ita tio n  
w avelength = 285 nm (lO nm s l i t ) ,  eiïiission w avelength = 335 nm (10 nm 
s l i t ) ,  sample s e n s i t i v i t y  ~  4^ re fe re n c e  s e n s i t i v i t y  ~  2 ) .
Nhen core enzyme was re a c te d  w ith  NBS fo r  5 min, a t  25 C, in  a 
DTT f r e e  b u f fe r ,  i t  was found t h a t ,  vd th  up to  a  20 fo ld  m olar excess 
o f  re a g en t th e re  was a p ro g re s s iv e  lo s s  o f  a c t i v i t y ,  and th a t  a 30 fo ld  
e x c e s s  v/as re q u ire d  fo r  com plete in a c t iv a t io n  (F ig  4 .0 3 ) .  Since about 
2 moles o f  re a g e n t a re  re q u ire d  fo r  th e  o x id a tio n  o f  an amino a c id , and 
up to  9 moles can be re q u ire d  to  modify j u s t  one try p to p h an  in  a 
p ro te in  (Spande & W itkop, 196?; Kronman ^  a l , , 196?; L iu & Dunlap,
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1974) th en  2 -  15 re s id u e s  i n  RI'iA polym erase were being  o x id ise d  during  
in a c t iv a t io n .  This was a  sm all p ro p o r tio n  o f  th e  250 NBS s e n s i t iv e  
re s id u e s  (cys + t r p  t y r  H- h is  H- m et, see s e c tio n  4*2*3).
FIG 4 . 0 3  A C T rvnY  OF RNA POLYMERASE (CORE) AS A 
FUNCTION OF N-BROMOSUCCmiMIDE ADDED
100^
>, 50
20 30
Molar Excess  NBS
RNA polym erase (c o re ) ,  in  b u ffe r  M, was re a c te d  w ith  NBS fo r  5 min, a t  
25°C. The re a c t io n  m ix tu re  was coo led  to  O^C, in d o le  added to  0*5 mI4, 
and a l iq u o ts  assayed  fo r  r e s id u a l  a c t i v i t y ,  in  th e  absence o f  DTT, fo r  
20 min, a t  25°C.
The a b so rp tio n  spectrum  o f RNA polym erase, o x id ise d  w ith  a 40 m olar 
excess o f NBS, was found to  have a decreased  absorbance between 290 and 
265 nm, an in c re a se d  absorbance between 265 and 245 nm, and an is o s b e s t ic  
p o in t a t  265 nm (F ig  4 ,0 4 ) .  These changes were q u a l i t a t iv e ly  s im ila r  to  
th o se  observed  when N -ace ty l L -tryp tophan  was o x id ise d  vd th  NBS (F ig  
4 , 05 ) , and were c o n s is te n t w ith  tryp tophan  o x id a tio n .
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F i g  4 - 0 4  CHANGE m  ABSORPTION SPECTRUM RESULTING FROM 
N-BROMOSUCCÏNIMIDE OXIDATION OF RNA-POLYMERASE (CORE)
E
—  Native enzyme
—-  Enzyme oxidised with 
a 40 molar excess of NBS
0.4
----- -
250 260 270 280 290 300 310
Wavelength (nm)
Tlie a b so rp tio n  spectrum  o f  core enzyme ( l «2 |.iM) in  b u f fe r  M, b e fo re  and 
a f t e r  m o d if ic a tio n , was determ ined a g a in s t  b u ffe r  M t  NBS, on a Cary 15 
spec tro p h o to m ete r.
F I G  4  0 5  e x t i n c t i o n  C H A N G E S  0  N _ N - B R O M O S U C C I  N I  M Î D E  
O X I D A T I O N  O F  N - A C E T Y L L - T R Y P T O P H A N .
10 ) 
0 4
0  3
n o  N B S
0 2
n o  N B S0 1
3 2 53 0 027 52 5 0
w a v e l e n g t h  ( n m . )
0*1 rafi N -a ce ty l L try p to p h an , in  10 mM T r is  HCl pH 7*9, lO mif MgClp, 
■was re a c te d  v.dth a 1 *- 20 fo ld  excess o f NBS, and th e  absorbance was 
determ ined a g a in s t  b u ffe r  c o n ta in in g  NBS.
The d ecrease  in  e x tin c t io n  a t  280 nm was used  to  q u a n t i ta te  th e  
number o f  try p to p h an s o x id ise d , u sing  the  eq u a tio n  (Spande & Witkop, 
1967):
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n % d ecrease  in  absorbance x  1*26 x  m ol. I'ft. 100 X 5500 X a .f e
where n  = number o f t r p  o x id ise d  p e r  mole o f  p ro te in
a .f*  = a b s o r p t iv i ty  f a c to r ,  to  co nvert absorbance a t  280 nm
to  mg/ml
m ol. Tft. — 400,000  fo r  co re  enzyme
5500 “  m olar e x t in c t io n  c o e f f ic ie n t  fo r  t r p  a t  280 nm
1 .26  -  f a c to r  to  c o r re c t  fo r  r e s id u a l  absorbance o f  th e
try p to p h an  o x id a tio n  p ro d u c t.
The f a c to r  1*26 ( t  0*03) was c a lc u la te d  from th e  d a ta  i n  F ig  4 ,0 5 , and 
was s im ila r  to  th e  v a lu e  o f  1*33 determ ined a t  pH 4*0 (Spande & Witkop,
1967) ,
When th e  e x t in c t io n  changes were fo llow ed in  b u f f e r  A, a t  37°G, i t  
was found th a t  1 - 2  try p to p h an s  were being  o x id is e d  d u ring  com plete 
in a c t iv a t io n .  The e a r ly  v a lu es  could be e x tra p o la te d  to  th e  lo s s  o f one 
try p to p h an  w ith  100 % lo s s  o f a c t i v i t y  (F ig  4 .0 6 ) .  However, the  
e x t in c t io n  changes were sm all (abou t 1*5 % p e r  try p to p h an ) and hence 
th e re  vjas th e  p o s s i b i l i t y  o f  a  com paratively  la rg e  e r r o r  in  th e  
d e te rm in a tio n . The s e n s i t i v i t y  o f  th e  experim ent was in c re a se d  by 
fo llow ing  th e  e x t in c t io n  changes by d if fe re n c e  spectropho tom etry  (F ig  
4 *07 ) .  Vi/hen a 30  m olar excess o f reag en t was added ( s u f f i c i e n t ! y  
c o m p le te ly ^ in ac tiv a te  th e  enzyme), th e  change in  e x t in c t io n  corresponded 
to  th e  o x id a tio n  o f one try p tophan  (F ig  4 .0 6 ) , Adding more re a g en t gave 
f u r th e r  o x id a tio n , and a t  about a 40 fo ld  m olar excess th e re  was a break  
in  th e  curve, fo llow ed by an in c re a se  in  th e  s u s c e p t ib i l i t y  o f 
try p to p h an  to  o x id a tio n . This may have r e s u l te d  from decreased
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com p etitio n  o f s id e  re a c t io n s  fo r  a v a i la b le  re a g e n t, o r  (and) from 
co n fo rm ationa l change le a d in g  to  e^q^osiire o f a f u r th e r  group o f 
try p to p h a n s .
Fig 4 06  TR Y PTO PtlA N  OXIDATION FOLLOWED BY CHANGES 
IN EXTINCTION AT 280nm
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The e x t in c t io n  changes o f 1 ml o f  core  enzyme (0»4 ]-iM in  b u f fe r  A) 
were fo llow ed  w ith  an SP 8000 spectrophotom eter®  3 x  20 IIL samples 
were tak en  fo r  a ssa y , and 30 p i  enzyme (2 x  c o n c e n tra tio n )  and 30 p i 
NBS (0*40 ml4 in  b u ffe r  A) added. The s o lu tio n s  were mixed by in v e rs io n , 
a n d . a f t e r  5 min th e  absorbances were deterird.ned a g a jj is t  re fe re n c e s  from 
which 60 p i had been w ithdrawn and 30 uL NBS and 30 u l  b u ffe r  A added 
(tem p. = 37°C ).
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Fig 4-07 TRYPTOPHAN OXIDATION FOLLOWED BY EXTINCTION
CHANGES AT 280nm
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10 ]xl a l iq u o ts  o f 1*5 NBS were added to  1 ml RNA polym erase, (l*85  |-iH)
in  N2 f lu sh e d  b u ffe r  M. The s o lu tio n s  were mixed, and th e  r e a c t io n  
allow ed to  proceed  f o r  5 min a t  25'^G. E x tin c tio n  changes a t  280 ran were 
reco rded  on a Cary 15 spec tropho tom eter a g a in s t  RNA polym erase to  which 
10 }.il w ater was added. E x tin c tio n  changes due to  NBS a lo n e  were 
su b tra c te d  from th e se  v a lu e s .
R eference s o lu t io n s  co n ta in in g  j u s t  th e  T r is  b u f f e r  and NBS gave 
absorbance changes s im ila r  in  s iz e  to  th o se  r e s u l t in g  from try p to p h an  
o x id a tio n . The experim ents were rep ea ted  in  po tassium  phosphate  in  
which th e  absorbance changes due to  re a g en t a lone  were l e s s  th an  5 % 
o f th e  t o t a l .  In  t h i s  case , when s u f f i c i e n t  re a g en t was added to  
in a c t iv a te  th e  enzyme com pletely , th e  absorbance change corresponded to  
th e  o x id a tio n  o f  abou t 2 try p to p h an s  (F ig  4 .0 8 ) ,
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Fig 4^08 Tryptophan o x id a tio n  fo llow ed  by e x t in c t io n  changes a t  280 nm®
Molar excess NBS
Tryptophans o x id ise d  p e r  
molecuf-e o f  enzyme.
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10 p i  a l iq u o ts  o f  1*5 mM NBS were added to  1 ml RNA polym erase (1*85 pil) 
in  Np f lu sh e d  0*14 M IlPi, pH 7*5* A fte r  5 min a t  25^0 th e  absorbance a t  
280 nm was reco rd ed  a g a in s t  a  b lan k  co n ta in in g  IfPi and NBS®
These experim en ts, under th re e  d i f f e r e n t  c o n d itio n s , gave s im ila r  r e s u l t s ,  
and in d ic a te d  th a t  1 o r  2 try p to p h an s  were being  o x id ise d  du rin g  com plete 
in a c t iv a t io n .
I t  was p re d ic te d  th a t  try p to p h an  o x id a tio n  would le a d  to  a d ecrease  
3J1 th e  enzytae f lu o re sc e n c e , (im oto e t  a l . ,  1972). The 
sp ec trim  o f RNA polym erase had e x c i ta t io n  and em ission  maxima a t  285 and 
335 nm re s p e c t iv e ly  (F ig  4*09). These- w avelengths a re  c h a r a c te r i s t i c  o f 
try p to p h an  f lu o re sc e n c e , and th e  observed em ission  i s  m ain ly  due to  t h i s  
amino a c id ,  Idost p ro te in s  c o n ta in in g  both  try p to p h an  and ty ro s in e  do nob 
show, o r  have a weak ty ro s in e  em ission  band (Brand & W ith o lt, 1967). 
Adding NBS le d  to  a p ro g re s s iv e  lo s s  o f  f lu o re sc e n c e , and th e re  m s  a. 9 % 
decrease  on com plete in a c t iv a t io n  (F ig  4 .1 0 ) , Some (o r  a l l )  o f  t h i s  lo s s  
may have been due to  a  conform ation change, s in ce  th e  f lo u re sc en c e  
spectrum  o f  RNA polym erase has been found to  be s e n s i t iv e  to  such changes. 
Yarbrough & Hurvjitz (l9 7 4 ) showed th a t  an in a c t iv e  conform ation o f RNA 
polym erase, on th e  r e n a tu ra t io n  pathway to  a c t iv e  co re  enzyme, had an 
em ission maximum a t  338 nm. A confo rm ationa l change to  th e  a c t iv e  form 
gave a 2 -  3 ^  d ecrease  in  f lu o re sc e n c e ,
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Fig4-09 FLUORESCENCE SPECTRA OF 
RNA-POLYMERASE (CORE)
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The flu o re sc en c e  spectrum  o f  0®2 pM RliA poljm ierase in  flu sh e d  b u ffe r  
M, a t  25^0, was recorded  on a Perld.n“Elmer s p e c tro f lu o r im e te r .  The , 
e x c i ta t io n  and em ission  w avelengths were 2 8 nm and 335 nm.
Fig 4-10 LOSS OF FLUORESCENCE WITH N-BROMOSUCCINIMIDE 
INACTIVATION OF RNA„-POLYMERASE (CORE)
(EXCITATION WAVELENGTH = 285 nm)
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10 p i  o f  NBS was added to  2 mJ. 0=2 pM MA polemic ra se  a t  25°C. The 
s o lu tio n  was s t i r r e d ,  and th e  endssion  was reco rded  u n t i l  a c o n stan t 
va lue  was o b ta in ed  ( le s s  th an  5 m in ) , ' 40 p i  o f  0*1 M DTT was added, 
and3 X30).d a lj.q u o ts  used fo r  a ssay , (L x c ita t io n  w avelength — 285 nm, 
10 nm. s l i t ;  em ission  w avelength = 335 nm, 5 nm s l i t ;  sample 
s e n s i t i v i t y  = 6, re fe re n c e  s e n s i t i v i t y  = 3)»
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When more NBS was added th an  re q u ire d  fo r  com plete in a c t iv a t io n ,  
th e re  was f u r th e r  lo s s  o f  f lu o re sc en c e  (F ig  4 .3 ,1 ). A dd ition  o f  up to  
a  150 fo ld  excess le d  to  a  f lu o re sc e n c e  lo s s  which was e s s e n t i a l l y  
com plete in  5 miji. However, when a 330 fo ld  excess was added, a  slow er 
r e a c t io n  was observed , p o s s ib ly  due to  a slow exposure o f  try p to p h an  to  
th e  re a g e n t (F ig  4 .0 2 ) .  A 330 fo ld  excess le d  to  th e  lo s s  o f  75 % o f 
th e  f lu o re sc e n c e .
S u b s tra te  p r o te c t io n  has o f te n  been used to  show th a t  an e s s e n t ia l
amino a c id  i s  in  th e  a c t iv e  s i t e  o f  an enzyme (Means & Feeney, 1971)•
'When HNA polym erase was in cu b a ted  w ith  DNA, ATP, and GTP l i t t l e  o r no
p ro te c t io n  a g a in s t  NBS in a c t iv a t io n  could  be d e te c te d  (F ig  4*12). S ince
a sm all change in  th e  r a t e  o f  a c t i v i t y  lo s s  would n o t have been d e te c te d
in  t h i s  experim en t, th e  ic in e tic s  were fo llow ed by quenching excess reag en t
w ith  in d o le .  However no d if fe re n c e  in  th e  r a t e  o f  in a c t iv a t io n  could be
d e te c te d  ( F ig .4*13)= T h ere fo re , e i th e r  th e  s u b s t r a te  d id  n o t p r o te c t
a g a in s t  NBS o x id a tio n , o r ,  a lth o u g h  a d if fe re n c e  in  r a t e  d id  e x i s t ,  t h i s
re a g en t could  com pletely  in a c t iv a te  th e  enzyme w ith in  th e  tim e o f  th e
experim en t. I n f a c t  few cases  o f  s u b s t r a te  p ro te c t io n  have been observed
v i th  NBS, B io tin  has been found to  p rev en t NBS o x id a tio n  o f  a v id in
(G reen, 1963), b u t th e  d is s o c ia t io n  c o n s ta n t in  t h i s  case v^as about
10” ^^M. N -a ce ty l D -glucosam ine does n o t p r o te c t  a g a in s t  NBS o x id a tio n
o f  lysozym e, even though try p to p h an  i s  knoivn to  be in v o lv ed  in  th e
b ind ing  ( Imoto ^  a l . ,  1972). The d is s o c ia t io n  c o n s ta n t in  t h i s  case 
“2was 10 M. The d is s o c ia t io n  c o n sta n ts  o f  ATP and GTP from MA polym erase 
a re  about 10 to  t h e i r  s tro n g  b in d in g  s i t e ,  and about 10” 'Sl to  th e  weak 
s i t e  (F ig  4 .3 1 ) ,  and fo r  DNA i t  i s  about 10” '^^ M (Hinlcle & Cham berlin,
1972 a ) .
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Fig4-11 LOSS OF FLUORESCENCE W m i N-BROMOSUCCINIMIDE OXIDATION
OF KNA-POLYMERASE (CORE). (EXCITATION WAVELENGTH -  285nm)
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Conditions were as described in  Fig 4*10,
FIG 4 12 PROTECTION o r  RNA-POLYklERASE (CORE) BY 
DNA + ATP + GTP AGAINST N-BROMOSUCCINIMIDE 
INACTIVATION
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0«6 jiM RNA poljniierase> in  deo^qygenated bu ffer  was incubated with or 
w ithout 0*3 mg/inl c a lf  thymus DNA, 0*8 mîf ATP, 0*8 mlf GTP, at 37°C,
NBS was added, and a fte r  3 miji 20 p i  samples were assayed for res id u a l 
a c t iv i ty  ( in  the absence o f  DTT)* Varying the len gth  o f  preincubation  
from 1 - 1 0  min had no e f f e c t  on orotection*
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Fig4*13RATE OF N-BROMOSUCCINIMjCDE INACTIVATION OF NATIVE 
AND DNA +ATP + GTP PROTECTED RNA-POLYMERASE (CORE)
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0 .6  pM RÏ'ÏA polyniepase, in  deo:xygenated b u ffe r  M, w ith  o r  w ithou t 
s u b s tr a te s  (a s  i n  F ig  4 .1 2 ) was re a c te d  w ith  an 18 fo ld  excess o f  KBS^  
a t  25°0. The re a c t io n  was stopped  w ith  0*5 in d o le . Adding in d o le  
b e fo re  NBS le d  to  no lo s s  o f  a c t i v i t y  -compared to  a  sample lacld.ng bo th  
in d o le  and NBS.
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To show th a t  try p to p h an  was e s s e n t i a l  f o r  1#A p o l^ îie rase  
a c t i v i t y ,  i t  was n e ce ssa ry  to  exclude a l l  p o s s ib le  s id e  re a c tio n s  
which could le a d  to  in a c t iv a t io n ,  MA polym erase a c t i v i t y  has been shown 
to  be s e n s i t iv e  to  p r o te o ly t ic  in a c t iv a t io n  (King e t  a l , ,  1974aj Li-U. & 
Hartmann, 1975), and NBS has been used , under c e r ta in  c o n d itio n s , to  
c leav e  p o ly p e p tid e  chains a t  tr j 'p to p h a n , ty ro s in e  and h j.s t id in e  s id e  
chains (Spande ej: 1970). To exclude chain  c leavage as th e  cause o f
j ja a c t iv a t io n , SD S-polyacrylam ide g e ls  o f m o d ified  enzyme were used  to  
show th a t  no e x tra  p e p tid e s  were g e n e ra te d . I t  was found th a t  
m o d if ic a tio n  le d  to  no change in  th e  r a t i o  o f  a  to  |3 tp * ,  no change in  
t h e i r  m o b i l i t i e s ,  and no e x tra  m ajor bands, (F ig  4 .1 4 )« C leavages a t  
th e  N o r 0 te rm in a ls  g iv in g  p o ly p ep tid e s  o f  ^  1000 m ol. vit. f o r  oc , o r  
^  10,000 fo r  p and p'^  ,  would n o t have been d e te c te d . However, s in ce  
m ild  c o n d itio n s  and l im i t in g  amounts o f  re a g e n t were u sed , and th e  
reg io n  s u s c e p tib le  to  p ro te o ly s is  i s  one t h i r d  o f  th e  way a long  p o r  
p" ,^ i t  was u n l ik e ly  t h a t  chain  c leavage accounted  fo r  in a c t iv a t io n ,
A more l i k e l y  s id e  r e a c t io n  was th e  o x id a tio n  o f  t h i o l s .  I t  was 
observed  th a t  in c u b a tin g  NBS in a c t iv a te d  RNA polym erase w ith  1 mM DTT 
le d  to  reco v ery  o f  a c t i v i t y  (F ig  4 .1 5 ) .  With low m olar r a t i o s  o f  re a g en t 
th e  a c t i v i t y  could  be r e s to re d  to  th e  o r ig in a l  l e v e l ,  b u t w ith  more 
re a g en t an in c re a s in g  p ro p o r tio n  o f  th e  a c t i v i t y  could n o t be re co v e red . 
No f u r th e r  re a c tiv j& a tio n  was observed  when th e  DTT c o n c e n tra tio n  was 
in c re a se d  to  10 mM, and th e  in c u b a tio n  to  8 h a t  37^0,
This su g g ested  th a t  some o f  th e  in a c t iv a t io n  was due to  t h i o l  
o x id a tio n . O x ida tion  beyond th e  d isu lp h id e  o r su lp h en ic  a c id  s tag e  
(F re ish e im  & Huennekens, 1969) would n o t have been re v e rse d  w ith  DTT, 
bu t th e s e  a re  l e s s  s e n s i t iv e  to  o x id a tio n  th an  t h i o l s .
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Fig  4,14 E le c tro p h o re tic  a n a ly s is  o f NBS m odified  RNA polym erase,
NO NBS NBS INACTIVATED
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5 % SDS-polyacrylam ide g e ls  were run  o f  RNA polym erase b e fo re  and 
a f t e r  in a c t iv a t io n  w ith  a 40 m olar excess o f NBS, a t  2$^C, in  b u ffe r  M, 
The m olar r a t i o  o f  oc to  p + p' was 1 : 0»9 fo r  both  m odified  and 
unm odified enzyme.
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Fig4-15 REACTIVATION OF N-BROMOSUCCINmiDE MODIFIED
RNA-POLYMERASE (CORE) WITH DITHIOTHREITOL
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NBS was added to  0«42 |iM RNA polym erase in  deoxygenerated  b u i'fe r Mj, a t  
37^0, The re a c t io n  was stopped a f t e r  5 nid.n w ith  0*5 ndi indo le^  and th e  
enzyme was in cu b a ted  w ith  1 inM DTT, fo r  10 mi.n, a t  37^0 « 20 p i  a l iq u o ts
were tak en  fo r  a ssay  in  a ssay  s o lu tio n s  la ck in g  DTT* There was a  lo s s  
o f  about 10 % o f  th e  a c t i v i t y  in  s o lu t io n s  to  which no NBS was added. 
Indo le  i t s e l f  had no e f f e c t  on a c t i v i t y .
The e x te n t o f t h i o l  o x id a tio n  by NBS was fo llow ed  w ith  5, 5'-  
d ith io b is (2 " n itro b e n z o ic  a c id )  (Habeeb, 1972). I t  was found th a t  about 
10 t h io l s  were o x id ise d  d u ring  th e  f i r s t  30 % o f  th e  in a c t iv a t io n ,  and 
th a t  f u r th e r  lo s s  o f a c t i v i t y  le d  to 'n o  fu r th e r  o x id a tio n  (F ig  4 .1 6 ) .
When th e  number o f t h io l s  were fo llow ed as a fu n c tio n  o f  NBS c o n cen tra tio n , 
i t  was found t h a t ,  beyond a 40 fo ld  m olar excess o f  re a g e n t, no fu r th e r  
t h i o l  o x id a tio n  occu rred  (F ig  4 .17)* This may have accounted  fo r  th e  
in c re a se d  s u s c e p t ib i l i t y  to  tryptophan, o x id a tio n  observed  w ith  th i s  
amount o f  reag en t (F ig  4 .0 ? ) .
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Fig 4-16 SULPHYDRYL CONTENT AND ACTIVITY OF RNA POLYMERASE (CORE) 
AFTER N-BROMOSUCCINIMIDE OXIDATION
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0*8 |LÛ1 RIM polym erase, in  deoxygenated b u f fe r  M, a t  25^0, was re a c te d  
w ith  NBS fo r  5 min, and th e  re a c t io n  stopped w ith  0*5 mI4 in d o le .
Samples were tak en  f o r  assay , and th e  rem aining enzyme was g e l 
f i l t e r e d ,  a t  4^0, on Sephadex G25 e q u i l ib ra te d  w ith  b u f fe r  10 lol 
DTNB (80 mg/ml in  0«1M T ris  HCl pH 7*9) was added to  1 ml o f poljm ierase, 
a t  25°C, and absorbance changes a t  412 nm were fo llow ed . A fte r  10 min 
100 |1L 20 % SDS was added.
Fig 4.17 OXIDATION OF THE SULPHYDRYL GROUPS OF RNA-POLYMERASE 
(CORE) w n ’H ;n - br o m o su c c in im id e
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C onditions were as in  F ig  4 .16,
The r a te  o f  DTIfB re a c t io n  was used to  d is t in g u is h  two groups o f
th io l s  on RNA polym erase, th o se  exposed and b u rie d  to  t h i s  re a g en t
(F ig  4 .1 8 ) . I t  v/as found t h a t ,  a t  25°C, a sm all number o f t h io l s
re a c te d  ra p id ly , and th a t  th e  r e a c tio n  slowed dov,ii c o n s id e ra b ly  a f t e r
10 min. A dd ition  o f 5Do exposed a fu r th e r  group o f t h i o l s .  Ibese  were
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d e fin ed  as th e  exposed and b u rie d  groups^, r e s p e c t iv e ly .  NBS in a c tiv a tio n  
to  40 % le d  to  th e  lo s s  o f  about 6 o f  th e  S eixposed t h i o l s ,  and f u r th e r  
in a c t iv a t io n  le d  to  l i t t l e  o r  no f u r th e r  lo s s  (F ig  4*19). There m s  no 
lo s s  o f  b u rie d  groups over 90 % o f  th e  in a c t iv a t io n  (F ig  4*20), This 
was tak en  to  mean th a t  on ly  su rfa c e  th io l s  were o x id is e d , and th a t  th e  
s t r u c tu r a l l y  im p o rtan t b u rie d  groups were n o t a t ta c k e d . S ince th e  
number o f b u rie d  groups rem ained c o n s tan t i t  seemed l i k e l y  t h a t  no 
g ro ss  s t r u c tu r a l  a l t e r a t io n s  had o ccu rred .
Fig 4 1 8  REACTION OF DTNB WITH THE EXPOSED AND  
BURIED SULPHYDRYL GROUPS OF 
RNA-POLYM ERASE (CORE)
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C onditions were as in  F ig  4 . I 6, excep t th a t  no NBS was added.
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Fig 4-19 LOSS OF EXPOSED SULPHYDRYL GROUPS WITH 
N-BROMOSUCCINIMIDE INACTIVATION OF RNA- POLYMERASE (CORE)
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020406080100
Activity (%) 
C ond itions were as in  F ig  4.16*
Fig 4 .2 0  LOSS OF BURIED SULPHYDRYL GROUPS WITH  
N-BROMOSUCCIMMIDE INACTIVATION OF RNA 
POLYMERASE (CORE)
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Activity (%)
C onditions were as  in  F ig  4 . 16 . 
109
To exclude t h i o l  o x id a tio n , com pletely , as  th e  cause o f  
in a c t iv a t io n ,  i t  was n e ce ssa ry  to  re v e rse  th e  o x id a tio n , o r  p re v e n t i t  
occurring*  S e v e ra l t h i o l  p ro te c t in g  ag en ts  have been d e sc r ib e d .
Kassab _ t^ âi,*» ( l 970) used t  e t  r a t  h i onat e to  p re v e n t te tra n itro m e th a n e  
o x id a tio n  o f  arg im ine k in a se  th io ls *  Smith e t  a l * (1975) d e sc rib e d  a 
s e r ie s  o f  sijnp le  b lo ck in g  groups o f  jjn c reasin g  s iz e ,  which may be 
in tro d u ce d  onto  t h i o l s  from e i th e r  alley], a lk a n e th io su lp h o n a te s  o r  
a lkox y carb o n y l a lk y l  d isu lp h id e s*  I t  was f e l t  t h a t  DÏNB would be a 
s u i ta b le  p ro te c t in g  group fo r  RNA polym erase because th e  r e a c t io n  
could be r e s t r i c t e d  to  a sma.ll number o f t h io l s  and th e se  appeared  to  
belong to  th e  NBS s e n s i t iv e  group.
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4,2*2 O xidation  o f th io n itro b e n z o y l enzyme
A good p ro te c tiJ ig  group should have a number o f  c h a r a c te r is t ic s »  I t  
should  be capable o f being  in tro d u ce d  and removed under m ild  co n d itions*
The p ro te c tin g  group should  have no e f f e c t  on th e  o v e ra l l  s t r u c tu r e  and 
a c t i v i t y  o f th e  enzyme^ o r i f  i t  does, th e se  e f f e c t s  should be com pletely  
re v e rs ib le *  I t  should a ls o  be s ta b le  under th e  co n d itio n s  o f m o d if ic a tio n , 
and p ro te c t  com pletely  a g a in s t  any m o d if ica tio n  o f th e  p ro te c te d  amino 
a c id  which le ad  to  in a c t iv a tio n *  DTNB was found to  s a t i s f y  most o f  th e se  
c r i t e r i a  *
F ig  4*21 shows t h a t ,  under th e  c o n d itio n s  used fo r p ro te c t io n ,  about 
10 th io l s  re a c te d  w ith  DTNB* The a b so rp tio n  spectrum  o f p ro te c te d  enzyme 
had a peak a t  330 nm., s im ila r  to  th e  ab so rp tio n  maximum a t  323 nm o f th e  
mixed 2 -m ercap to e th an o l-n itro b en zo a te  d isu lp h id e  (Means & Feeney, 1971)*
On t r e a t in g  th e  th io n itro b e n z o y la te d  enzyme w ith  1 mM DTT th e  spectrum  
i 'ev e rted  to  one in d ic a t iv e  o f a mixbure o f RNA polym erase and 
th io n itro b e n z o a te  an ions (F ig  4 * 2 2 Res i dual  absorbance a t  330 nm v/as 
com pletely  removed by g e l - f i l t r a t i o n  on Sephadex G25*
FIG 4 21 REACTION OF DTNB WITH THE SURFACE
SULPHYDRYL GROUPS OF RNA POLYMERASE
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Core enzyme (5 mg/ml) was d ia lysed  in to  3 changes o f  300 volumes o f  Np 
flushed  buffer M, for 5 h, a t 4^C* 190 p_l o f DTNB (80 mg/ml in  0*1 M 
Tris HCl pH 7*9) per ml o f enzyme was added. A fter 10 min a t 25°G the  
so lu tio n  was cooled , and the reaction  stopped by chromatography, a t 4^0, 
o n ’Sephadex 023 eq u ilib ra ted  with buffer M.
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FIG 4 .2 2 ABSORPTION SPECTRA OF DTI'ÏB-PROTEC TED ENZYME 
WITH AND WriTiOUT IrnM DTT
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The sp ec trim  o f  RNA polym erase, p rep a red  as in  F ig 4*21, and a f t e r  
re a c t io n  w ith  1 mil DTT a t  25^6, was reco rd ed  on an SPÔOOO 
sp ec tro p h o to m e te r.
The p ro te c te d  enzyme had about 30 % o f  i t s  o r ig in a l  a c t i v i t y  (F ig  
4 *23)0 This a c tiv d .ty  could be com pletely  and q u ic k ly  re s to re d  yd th  
DTTo P ro te c te d  and MBS m od ified  enzyme reg a in ed  no more a c t i v i t y  than  
was expected  from rem oval o f  th io n itro b e n z o y l g roups. In  o th e r  words, 
enzyme which was 90 % in a c t iv a te d  r e l a t iv e  to  a p ro te c te d  sa n g le , was 
s t i l l  90 % in a c t iv a te d  r e l a t i v e  to  u n p ro te c ted  enzyme when i t  was t r e a te d  
w ith  DTTo This was t r u e  i r r e s p e c t iv e  o f  th e  degree o f in a c t iv a t io n  (see  
l a t e r ) »
T h io n itro b en zo a te  an ions could be l o s t  from th e  p ro te in  by d isu lp h id e  
in te rc h an g e  id th  u n reac ted  t h i o l  groups in  th e  p a r t i a l l y  p ro te c te d  
enzyme (Fernandez-D iez a t  a l» , 1964) .  The p r o te c t in g  groups were found 
to  be s ta b le  im der th e  c o n d itio n s  used  fo r  m o d if ic a tio n , about 0*5 moles 
p e r mole were l o s t  in  3 h a t  23^0 (F ig  4*24). This vrais s im ila r  to  th e  
r e s u l t s  o f  S te in e r t  e t  a l ,  (1974) fo r  DTNB re a c te d  a lc o h o l*f If f
dehydrogenase, DTT removed about 9 p ro te c t in g  g roups, in  good agreem ent 
w ith  th e  10 which viere o r ig in a l ly  in tro d u ce d .
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Fig 4.23  Recovei^r o f  a c t i v i t y  a f t e r  DTT re d u c tio n  o f  th e  
th io n itro b e n z o y la te d  enzyme.
Time
(min) No NBS
M odified 
w ith  NBS 
(25 fo ld  ex cess)
U nreacted
>/ith
DTNB
0 28 2 .8 107 %
15 101 8 .5 -
30 104 8 .9 “
60 91 9 .2 -
180 100 9 .6
T h io n itro b en zo y la ted  enzyme, p rep ared  as d e sc rib e d  in  F ig  4*21, was 
allow ed to  warm up to  25°C f o r  1 mini. NBS was added, th e  r e a c t io n  
allow ed to  p roceed  fo r  5 min a t  25°G, and th en  DTT was added to  2 mM. 
Samples were tak en  fo r  a ssay  befo re  and a f t e r  th e  r e v e r s a l  o f  
p ro te c t io n .  The s p e c i f ic  a c t iv n ly  a f t e r  r e v e r s a l  was '/SO u n its /n ig , 
A c tiv à .tie s  were eijqpressed r e l a t i v e  to  th e  180 min m m iodified v a lu e .
Vdien TNB-enzyme was m odified  w ith  NBS, i t  was found th a t  th e re  was 
a p ro g re s s iv e  lo s s  o f a c t i v i t y  u n t i l ,  w ith  a  30 m olar excess o f  re a g e n t, 
th e re  was no rem ain ing  a c t i v i t y  (F ig  4*23)® No more DTT r e a c t iv a t io n  
o f  th e  enzyme was observed , o th e r  th an  th a t  expected  from re v e r s a l  o f th e  
p r o te c t io n .  T his could be compared w ith  th e  NBS m od ified  u n p ro tec ted  
enzyme, v/liich could  be p a r t i a l l y  r e a c t iv a te d  (F ig  4*14)* In  s p i te  o f 
p ro te c t io n  a g a in s t  t h i o l  o x id a tio n , th e  m olar excess o f re a g e n t re q u ire d  
fo r  c o m p le te - in a c tiv a tio n  was s im i la r  to  t h a t  fo r  n a t iv e  enzyme. This 
may have r e s u l te d  from an in c re a s e  in  th e  number o f  o th e r  groups 
o x id ise d , o r an in c re a se d  n o n -s p e c if ic  lo s s  o f  re a g e n t.
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FIG4.24 STABILITY OF THIONITROBENZOYL GROUPS ON
RNA POLYMERASE
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The spectrum  o f  RNA polymerase^* p rep ared  as in  F ig  was reco rded
im m ediate ly . The tem p era tu re  was r a is e d  to  and th e  absorbance a t
412 nm was reco rd ed  fo r  3 h , DTT was added to  1 and th e  f i n a l  
absorbance a t  412 nm, a t ta in e d  a f t e r  15 min, remaiLned c o n s ta n t fo r  a 
f u r th e r  12 h . The o r ig in a l  absorbance a t  412 nm, b e fo re  th e  tem p era tu re  
was r a is e d ,  was e q u iv a le n t to  about 2 TNB g roups. This p ro b ab ly  a ro se  
from th e  o v e rlap  o f  th e  th ionitrobenz.oyl-enzym e spectrum .
FIG 4-2 5 INACTIVATION OF DTNB-PROTECTED RNA POLYMERASE WITH
N-BROMOSUCCINIMIDE
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P ro te c te d  core enzyme, p rep a red  as d e sc rib e d  in  F ig  4 .2 1 , was re a c te d  
w ith  NBS a t  25^C fo r  5 m in. A liq u o ts  were a ssay ed . DTT wdS added to  2mN 
a n d ,a f te r  3 h a t  25°C, f u r th e r  a l iq u o ts  were a ssay ed ,
1 1 4
The t h i o l  groups rem aining a f t e r  NBS m o d if ic a tio n  were determ ined 
w ith  DTNB. With sm all amounts o f  reag en t th e re  was a lo s s  o f  about 3 
t h i o l s ,  and le s s  th an  10 % o f th e  a c t i v i t y  (F ig  4 .2 6 ) .  A s t r a ig h t  l i n e  
f i t t e d ,  by l e a s t  squares a n a ly s is ,  to  th e  number o f  t h i o l s  rem aining 
between 90 and 10 % a c t i v i t y  in d ic a te d  th a t  0*-'/ ( -  2*0) SH groups were 
being  o x id is e d . S ince i t  i s  n o t Imown th a t  th e re  i s  a unique e s s e n t i a l  
t h i o l  in  co re  enzyme ( s e c t io n  1 .2 .3 .2 )  i t  seems l i k e l y  t h a t  th e  m ajor 
cause o f  in a c t iv a t io n  was some o th e r  o x id a tio n . Thus i t  seemed th a t  
ovei^90 ^  o f  th e  in a c t iv a t io n  and le s s  than  4 t h i o l s  were being  o x id ise d , 
and th ey  accounted  fo r  no more th a n  10 % o f  th e  a c t i v i t y  l o s s .  S im ila r ly  
when the  d a ta  were p lo t te d  as a fu n c tio n  o f  NBS c o n c e n tra tio n  th e re  was 
l i t t l e  d e s t r u c t io n  o f t h i o l s  up to  a 30 m olar excess o f re a g e n t, b u t 
f u r th e r  a d d i t io n  le d  to  o x id a tio n  (F ig  4 .2 ? ) .  3 6 (-4 )  t h i o l s  were
d e te c ta b le  in  unm odified  RNA polym erase, which was in  good agreem ent 
w ith  v a lu es  o f 32 (B urgess, 1969b), 33 ( F u j ik i  & Zurek, 1975), and 34 
(Yarbrough & Wu, 1974). 2 5 (-3 ) t h i o l s  were d e te c te d  when sodium
dodecyl s u lp h a te  was used as  a d é n a tu ra n t a t  a h ig h e r io n ic  s tre n g th  
(235 compared to  15 mil). S ince d é n a tu ra tio n  depends upon th e  f r e e  
monomer c o n c e n tra tio n  o f  d e te rg e n t (Reynolds & T anford , 19?0), and 
in c re a s in g  io n ic  s tre n g th  low ers th e  c r i t i c a l  m ic e l la r  c o n c e n tra tio n , 
th e  low er number o f d e te c ta b le  th io l s  m ight have r e s u l te d  from incom plete  
d é n a tu ra tio n  o f  RNA polym erase .
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FIG 4 26 LOSS OF SULI>HYDRYL GROUPS WITH N-BROMOSUCCINIMJDE
INACTIYATION OF DTNB-PROTEC TED RNA POLYMERASE (CORE)
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Samples, p rep a red  as d e sc rib e d  in  F ig  4«21 and F ig  4»25> were 
chrom atographed on a 1 x  30|yCm Sephadex G25 column e q u i l ib r a te d  vd th  
10 mM T ris  HGl pH 7*9, 1 mî-ï/HDTA, 1 ml samples were t r e a te d  w ith  0*1 m l 
20 % SDS and 10 p i  DTNB (20 mM in  0 .1  T r is  HCl pH. 7*9 ), and th e  
absorbance a t  4-12 nm d e term ined<.
FIG 4-2 7 SULPHYDRYL CONTENT OF N-BROMOSUCCINIMlDE OXIDISED
RNA-POLYMERASE
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C onditions were as d e sc rib e d  in  F ig  4 .2 6 .
I l 6
NBS in a c t iv a te d  core enzyine^, a f t e r  rem oval o f  th e  p ro te c t in g  groups^ 
had a decreased  f lu o re sc en c e  em ission  compared w ith  n a t iv e  enzyme (F ig  
4«28). The 1 1 (-2 )  % d ecrease  was s im ila r  to  9 % lo s s  found w ith  
u n p ro te c ted  enzyme (F ig  4»1 0 ) . ' S ince th e  f lu o re sc e n c e  d ec rease  could 
have r e s u l te d  from a confo rm ationa l change;, an independen t method was 
used to  d e te c t  s t r u c tu r a l  changes* Far u l t r a \ â o l e t  c i r c u la r  d ich ro ism  
can be used  to  m onito r th e  conform ation  o f  th e  p o ly p e p tid e  backbone o f  
a p ro te in  (S ea rs  & Beychok, 1973)« The CD spectrum  o f core  enzyme had 
n e g a tiv e  peaks a t  220 and 20? nm^ , th e  l a t t e r  be ing  th e  more in te n s e  
(F ig  4 * 2 9 The o v e r a l l  spectrum  was s im ila r  to  th e  s p e c tra  re p o r te d  
by Harding & Beychok (l9 7 4 ) and Novak & Doty ( l9 7 0 ) ; w hereas th e  m olar
FIG 4 28 FLUORESCENCE EMISSION SPECTRUM OF R m _  
POLYMERASE (CORE). (EXCITATIONAT 285nm)
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TNB-RNA polym erase was p rep a red  and m odified  as d e sc rib e d  above, 
T h io n itro b en zo a te  io n s  were removed w ith  2 rnll DTT, fo llow ed  by d ia ly s i s  
in to  b u f fe r  A + 0»3 M KGl a t  4°C. The flu o re sc en c e  s p e c tra  o f 0*12 |iM 
s o lu t io n  o f m odified  (5 o r ig in a l  a c t i v i t y ) ,  and unm odified enzyme were 
compared, (lix ic ita tio n  w avelength = 285 nm, 10 nm s l i t ;  em ission  — 8 nm 
s l i t ;  sample s e n s i t i v i t y  = 5; re fe re n c e  s e n s i t i v i t y  "  5 ) q
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e l l i p t i c i t y  a t  220 nr% -8 ,7 0 0  (deg« cm^* dmol ag reed  ivith - 8,900  
o b ta in ed  by th e  form er, b u t n o t v/ith  th e  va lue  o f  -1.3,000 o b ta in ed  by 
th e  l a t t e r  au thors*  In a c t iv a t io n  o f RNA polym erase -vri-th KBS had l i t t l e  
e f f e c t  on th e  spectrum  ( < 2  O ther m o d if ic a tio n s  le a d  to  la r g e r  
changes in  th e  CD spectrum* Novak e t  a l*  (1974) found an 8 % d ecrease  
in  th e  m olar e l l  ip  t i  c i ty  when core enzyane' was $0 % in a c t iv a te d  v i th  2 - 
h y d ro x y -5 -n itro b en zy l brom ide, and Harding & Beychok (1974) found a 14 % 
d if fe re n c e  between n a tiv e  core enzyme and an in a c t iv e  in te rm e d ia te  on th e  
r e n a tu ra t io n  pathw ay, W illiam s (1975) found th a t  NBS m o d if ic a tio n  o f 
d ih y d ro fo la te  re d u c ta se  le d  to  a s h i f t  in  th e  n e g a tiv e  peak from 220 to  
208 ran, and an ap p aren t change in  th e  p s t r u c tu r e  o f  10 The e f f e c t
was n o t due to  try p to p h an  o^cidation a lone  because, a lthough  th e  
try p to p h an  CD band s h i f t s  from 225 to  210 nm, i t  accoun ts  fo r  a  sm all 
f r a c t io n  o f  th e  t o t a l  u l t r a v i o l e t  c i r c u la r  d ich ro ism .
UsiJig th e  method o f  G reen fie ld  & Fasman (1969) i t  was c a lc u la te d  
t h a t  RNA polym erase core  enzyme had 23 ^ o: h e l ix ,  l6  % [3 s t r u c tu r e ,  
and 60 % w as‘A m structu red", o r  24 %s 20 and 56 ^ i f  a  c o r re c t io n  was 
made fo r  th e  a ro m atic  c o n tr ib u tio n  (S ears  & Beychok, 1973)* These 
f ig u re s  a re  comparable to  o( h e l i c a l  co n ten ts  o f 13 % (N icholson , 1971) 
and 30 % (Lochhead, 1971) o b ta in ed  from o p t ic a l  r o ta r y  d is p e rs io n  
measui-ementse The deduced s t r u c tu r e  i s  only  approxim ate because th e  
model compounds used  do n o t r e p re s e n t  a l l  th e  s t r u c tu r e s  p re s e n t in  a 
p ro te in , a lth o u g h  th e  p re d ic te d  s t r u c tu r e  i s  b e t t e r  fo r  some p ro te in s  
th an  o th e rs  (B are la  & D a rn a ll, 1974)# In  s p i te  o f  th e  d i f f i c u l t i e s  in  
p re d ic t in g  a s t r u c tu r e  fo r  RNA polym erase, i t  seemed l i k e ly  t h a t  th e  
s t ru c tu re  changed by le s s  th an  2 % on m o d ifica tio n *  Sm all lo c a l  
con fo rm ational changes would n o t have been d e te c te d  by t h i s  method*
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FIG 4 29 CIRCULAR DICHROIC SPECTRA OF NATIVE AND
N-BROMOSUCCINIMIDE OXDISED RNA-POLYM ERASE (CORE)
RNA polym erase, p rep ared  as d e sc rib e d  in  F ig  4»Rlj "tvas m odified  w ith  
0, 9j 25 and 50 fo ld  excess o f NBS fo r  5 min a t  25°G. TNB was removed 
w ith  2 m>i DTT, and th e  enzyme was d ia ly se d  in to  b u f fe r  A + 0*5 H KCl 
a t  APC, The CD s p e c tra  o f  th e se  sam ples, and one which had no t been 
re a c te d  w ith  DTNB, were reco rd ed  on a Gary 6001 a t  27^C in  1 cm. c e l l s .
No lo s s  in  a c t i v i t y  occu rred  du rin g  th e  d e te rm in a tio n  o f  th e  CD s p e c tr a .
NBS could  have in h ib i te d  any o f  th e  c a t a ly t i c  a c t i v i t i e s  o f th e  
enzyme ( s e c t io n  1 .2 ,2 ) .  I t  ivas p re d ic te d , by analogy  m th  o th e r  work 
on p e p tid e s  and p ro te in s  ( s e c t io n  1 .3 ) ,  th a t  th e  m o d if ic a tio n  m ight 
have a f f e c te d  DNA biniL iig , NTP b in d in g , o r univinding o f  th e  double 
heli.jc. DNA b in d in g  a c t i v i t y  was determ ined by a f f i n i t y  chrom atography
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on DNA^agarose, which c o n ta in s  im m obilised  s in g le  s tra n d e d  DNA, Both 
n a tiv e  and NBS in a c t iv a te d  enzyme bom d to  th e  column^ and e lu te d  a t  
0»33 M NaCl (F ig  4*30,1 , 4 .3 0 ,2 ) .  The r e s u l t s  show th a t  lo s s  o f DNA 
b ind ing  was n o t th e  cause o f  in a c t iv a t io n  and th a t  i f  th e  m odified  
groups were in v o lv ed  in  b in d in g  DNA th ey  d id  n o t c o n tr ib u te  th e  m ajor 
p a r t  o f th e  b in d in g  energy . Also th e  o v e ra l l  s t r u c tu r e  o f  th e  enzyme 
ivas n o t p e r tu rb e d  s u f f i c i e n t ly  to  decrease  th e  com plem entarity  between 
th e  b ind ing  re g io n  and th e  DNA m olecu le .
FIG 4 301 BINDING OF NATIVE RNA-POLYMERASE TO DNA-AGAROSE 
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Core enzyme ( -^  1 mg/ml.) was p re c ip i ta te d  w ith  i j  v o l. b u f f e r  0 -I- 
s a tu ra te d  ammonium su lp h a te , and c en tr ifu g e d  a t  12,000 r .p .m . in  an 
MSE IB, 8 X 3^^r o to r .  I t  was d is so lv e d  in  b u ffe r  N (10 mM T r is  HCl 
pH 7*9j 1 mMjfEDTA, 0«1 mlf DTT, 5 % glycerol)-!-0*lM  NaCl, and th en  
chrom atographed on a column o f Sephadex 023 e q u i l ib ra te d  w ith  th e  same 
b u f f e r .  A DNA-agarose column (0*9 x  8 cm) was washed w ith  b u ffe r  N 4- 
1*0M NaCl, and th en  20 v o l .  b u f fe r  N 1  0»1M NaCl, The sample was 
a p p lie d  a t  5 m l/h , th e  DNA-agarose was washed w ith  10 ml b u f fe r  N +
0*1 M NaCl, and e lu te d  w ith  a 30 irû. l in e a r  g ra d ie n t from b u f fe r  N + 
0*1M NaCl to  b u ffe r  N + 1*0M NaCl,
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PIG 4 30 2 BINDING OF NB8 OXIDISED RNA POLYMERASE (CORE) TO
DNA-AGAROSE
Protein (m g/m l)
0.2 0. 33M NaCl
0 - 0  NaCl (N)
" 0. 6
0.1
50
—I-
200 10 30 40
Fraction number
TNB p ro te c te d  core e n z y m e p re p a re d  as d e sc rib e d  in  F ig  4*21;, was 
m odified  m th  a 2B fo ld  excess o f  NBS* A fte r  rem oval o f th e  p r o te c t in g  
groups w ith  2 mM DTT i t  was t r e a te d  as d e sc rib e d  in  F ig  4*30»lj except 
th a t  th e  DNA-agarose column was e lu te d  w ith  a g ra d ie n t  from b u f fe r  N + 
0 .1  M NaCl to  b u ffe r  N -F 0«7M NaCl.
A v a r ie ty  o f  methods have been used to  measure th e  b in d in g  o f sm all
m olecules to  p r o te in s .  Three o f  th e s e , f lu o re sc e n c e  quenching,
e q u ilib riu m  d i a l y s i s ,  and column chrom atography have been used fo r
n u c leo s id e  tr ip h o sp h a te s  and RNA polym erase (F ig  4*31)• There i s  no
g e n e ra l agreem ent about th e  number and ty p es  o f b in d in g  s i t e  p re s e n t ,  o r
on th e  e f f e c t s  o f  cr on th e  p ro c e s s ,.  Examples o f  c o n tra d ic t io n s  a re  :
Abrahams ( l9 ? 0 )  found th a t  cr in h ib i te d  b in d in g  o f NTPs to  core  enzyne,
whereas Z i l l i g  ^  a2 . ( 1970b)found th a t  i t  was e s s e n t i a l  fo r  th e  b ind ing
to  o c cu r . Abraham ( l9 ? 0 )  cou ld  d e te c t  one b in d in g  s i t e  fo r  ATP, Wu &
G oldthw ait (1969b) cou ld  d e te c t  two, Z iU ig  e t  a j., ( l9 ? 0 )  fo u r , and
Ishiham a & Hun-dtz (1969) e ig h t .  In  g e n e ra l th e se  a u th o rs  found th a t
py rim id in e  n u c leo s id e  tr ip h o sp h a te  b ind ing  was weak o r  u n d e te c ta b le . The 
enzyme m ight r e q u ire  a confo rm ationa l change fo r  p y rim id in es  to  b ind  
t i g h t l y ,
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The b in d in g  o f  n u c leo s id e  tr ip h o sp h a te s  to  core enzyme was 
d e te m in e d  by column chrom atography and e q u ilib r iu m  d ia ly s i s  ( s e c t io n
2.2.02). Assuming one b in d in g  s i t e  fo r  ATP, column chrom atography gave 
a va lue  o f  110 ( “40) jiM fo r  th e  d is s o c ia t io n  c o n s ta n t (F ig  4»32, F ig  
4 .33  )> w h i ls t  e q u ilib r iu m  d ia ly s i s  gave v a lu es  o f  37 (™3) a t  4°C, and 
9 (*"l) a t  17^0 (F ig  4 . 3 3 ) .  The weaker b ind ing  d e te c te d  by column 
chrom atography ag reed  w ith  th e  f in d in g  o f  Z i l l i g  e t  a l .  ( 1970b) and may 
have r e s u l te d  from th e  a b i l i t y  o f Sephadex to  r e ta r d  p r e f e r e n t i a l l y  
arom atic  compounds. A s im ila r  d iscrep an cy  has been found in  o th e r  
system s (Wood & Cooper, 1970). The d is s o c ia t io n  c o n s ta n ts  o b ta in ed  by 
e q u ilib r iu m  d ia ly s i s  were s im ila r ,  and agreed  w ith  v a lu es  o b ta in ed  by 
o th e r  g roups. The sm all d if f e re n c e  between th e  two v a lu es  may have 
r e s u l te d  from th e  d if fe re n c e  in  tem p e ra tu re . I n a c t iv a t in g  th e  enzyme 
w ith  NBS had l i t t l e  e f f e c t  on th e  b in d in g  c o n s ta n ts . M odified enzymes
FIG 4 32 ATP BINDING TO NATIVE RNA-POLYMERASE (CORE)
AT # °C
1 -
3020 40 5010
 0    o
2 1
tJ3
.5<u
1 gfit
Fraction Number
RNA polym erase was co n cen tra ted  a s  d esc rib ed  in  F ig ,4 , 3 0 . 1 , The p e l l e t  
was d is so lv e d  in  50 | i l  b u ffe r  A + Q.2M KCl + [B ATP (500 pCi/-}ii4)
and chrom atographed as  d e sc rib e d  in  s e c tio n  2 .2 .0 4 , i i .  The same r e s u l t  
was o b ta ined  i f i th  a sample which was d ia ly se d  in to  b u f fe r  A + 0»2M KCl 
be fo re  chrom atography.
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are o ften  more su scep tib le  to  dénaturation (Means & Feeney, 1971) and 
the sm all d ifferen ce  in  K d is s  found by the s t ir r e d  method (se c tio n
2 .2 .0 2 )  may have been due to  th is  e f f e c t .  In a co n tro l experiment 
s t ir r in g  the unmodifi^^ enzyme led  to  a 10 % lo s s  o f  a c t iv i t y .
1
Fig 4»33 Binding constants for  ATP and core enzyme .
D isso c ia tio n constant (jH)^
Teclmique Native Modified^
Column chromatography 110-40 -
equilibrium  d ia lysis^ ' 
(n on -stirred  method)
37'-3 34-3
5
Fquilibrium  d ia ly s is  
( s t ir r e d  method)
9-1 36'-4
Temperature
I7°c
3.
4^
The enzyme was prepared and m odified as described in  Fig 4*21 & Fig  
4 .2 3 , concentrated as described in  Fig 4*30,1 , d ia lysed  in to  bu ffer  
A + 0»2M KCl, and th e binding constants determined as described in  
se c tio n  2 .2 .0 2 .
C alculated assuming one binding s i t e .  Conditions were chosen so 
th a t binding at the vreak s i t e  had a n e g lig ib le  e f f e c t  on uhe 
d is so c ia t io n  constant,
14 % remaining a c t iv i t y ,
10 mg/iii4 enzyme was d ia ly sed  a g a in st A + 0*2M KCl H*
1 ATP ( 10 j-iCi/fili) . Sample^ a fte r  24 and 30 h gave s im ilar
r e s u lt s .
5. 10 mg/nLl enzyme was d ia ly sed  ag a in st A + 0«2M KCl 1
50 |jM [8—Gh] ATP (25 pCi/^iM), Samples a f te r  3 and 6 h gave sim ila r  
r e s u lt s .
Thus in a c tiv a tio n  was not due to  a lo s s  in  a f f in i t y  for  ATP, and th is  
was probably a lso  true for GTP because ATP and GTP bind to the same 
s i t e  on the enzyme (Viu & Goldthwait, 1969 a , b ) . In h ib itio n  may have 
been due to a lo s s  o f CTP or UTP binding a c t iv i t y ,  but they both have low 
a sso c ia tio n  con stan ts, and binding was d i f f i c u l t  to  d e te c t . Of 14 
experim ents, binding o f UTP could not be detected  in  6 ca ses , and the  
other 8 gave a d is so c ia t io n  constant o f about 3GO |,iM, The fa ilu r e  to  
d etec t binding was not due to  dénaturation, s in ce  le s s  than 10 % o f  the 
a c t iv i t y  was lo s t  during the determ ination.
1 2 4
The in h ib it io n  could, have been an e f f e c t  on the enzymes a b ili .ty  to  
denature the DNA template^ by analogy with the p ro p erties  o f  tryptophan  
and ty ro s in e  p ep tid es (se c t io n  1®3)® When the m odified  enzyme was 
assayed with denatured DNA l i t t l e  or no recovery o f  a c t iv i t y  could be 
d etected  (F ig  4*34)* Therefore some a b t iv ity  other than (or as w e ll a s)  
unwinding was a ffected *
FIG 4-34 INACTIVATION OF DTNB-PROTEC TED RNA-POLYMERASE (CORE) 
-ASSAYED ON NATIVE AND DENATURED DNA TEMPLATE
0*"0 Denatured DNA
Native DNA
0 5 15 20 25
Molar E xcess N ^
RNA polymerase (core) p rotected  as described in  Fig 4*21, and m odified  
as described  in  Fig 4*25; was assayed in  the usual manner, w ith n a tive  
or dénaturâted DNA* Denaturated c a lf  thymus DNA was prepared by 
heatin g  to  100°C fo r  5 mi.n, and coo lin g  rap id ly  to  0°C, The a c t iv i t y  
on denatured DNA was 33 % o f  th at on n a tiv e  DNA,
Wu & G oldthw ait (1969 a )  found th a t  purin.e n u c le o t id e s  quench th e  
flu o re sc en c e  o f  RNA polym erase by abou t 3 fy  and th e y  equated t h i s  s i t e  
i*/ith th e  i n i t i a t i o n  s i t e  fo r  RNA s y n th e s is .  I f  th e  quenching r e s u l t s  
from a d i r e c t  in te r a c t io n  between in d o le  and p u rin e  r in g s ,  th en  
m odifying th e se  groups could  le a d  to  a block in  i n i t i a t i o n .  Dovmey &
So ( 1970) have shown th a t  p r im e rs , such as G-A, circum vent th e
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i n i t i a t i o n  s te p  g and s tim u la te  t r a n s c r ip t io n ,  k  30 % s ti ir iu la tio n  o f 
a c t i v i t y  v^as found v d th  unm odified  enzyme,, and s t im u la t io n  o f  p a r t i a l l y  
m odified  enzyme was no g re a te r  th an  th a t  expected  from a c t iv a t io n  o f  
unm odified  sp e c ie s  (F ig  4 .35)*  T herefo re  th e  i n h ib i t i o n  d id  n o t appear 
to  be a b lo ck  in  in i t i a t i o n o
FIG 43 5 INACTIVATION OF DTNB-PROTECTED RNA POLYMERASE (CORE) 
ASSAYED WITH AND V/ITHOUT 100/iM G-A
Native DNA + G-A
O-RD Native DNA
,40
1510 20 250 5
Molar E xcess NBS
RNA polym erase (core) p ro te c te d  as d e sc rib e d  in  F ig  4.21^, and m odified  
as d e sc rib e d  in  F ig  4*25? was assayed  in  th e  u su a l manner w ith  and 
v d th o u t 100 pli G“A. Unmodified enzyme was s tim u la te d  by 30 % w ith  G-A
4«2.3 F u r th e r a n a ly s is  to  d e te c t  th e  amino a c id s  o x id ise d  by NBS.
ibnino a c id  a n a ly s is  has been used , by a number of g roups, to  s tudy  
th e  s e l e c t i v i t y  o f NBS o x id a tio n  (W illiam s, 1975; Kronman e t  a l »,
1967) .  The amj^no a c id  com position  o f core enzyme was determ ined  (F ig  
4 . 3 6 ) ,  and found to  be s im ila r  to  t h a t  re p o r te d  by o th e r  groups (Bui’g e ss , 
1969 b; King & N icholson , 1971; F u jik i  & Zurek, 1975). An excep tion  
was th e  try p to p h an  c o n te n t, which was found to  be lO ( - l )  a s  compared
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F ig  4.36 Amino-acid com position o f  RNA polym erase (c o re ) .
5
Methane su lp  honi c H ydroch lo ric  Acid^
Acid + T ryp taim ie "f Me reap  to  e th an o l
Amino Acid Number p e r 
7
M olecule
Mole
(^ )
f r a c .
Number p e r  
7M olecule
Mole
(^ )
f r a c .
LIS 177 5"70 161 5*21
HIS 58 1*88 56 1*80
ARG 2/jl 7 '7 6 229 7*39
ASP 310 10*0 306 9*88
THR^ 159 5*43 166 5*36
SER 181 5=84 174 5*62
GLU 391 12*7 401 12*9
PRO 135 4*37 155 4*93
GLI 244 7*89 243 7*84
ALA 228 7*36 226 7*29
CYS^ 36 1*03 36 . 1*04
VAL^ 283 9 *23 . 267 8*21
MT 62 1*99 62 1*99
IIEU^ 202 6*51 202 6*51
LEU . 320 10*3 322 10*4
TYR 80 2*58 77 2*49
PHE 83 2*69 83 2*70
TRP^ 11 0*37 9 0*29
Value determined by extrap olation  to  zero  tim e.
2 . From t i t r a t io n  o f RNA polymerase (co re) ivith DTNB, 
3* Last time p oin t value used.
4* Average o f a l l  v a lu es ,
5c Dup 1:1 cate  samples, 48, 72, 96 hrs. a t 110°C,
6 . D uplicate samples, 24, 48, 72 h rs. a t llO^G,
7« Using a mol. wt. o f  400,000.
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w ith  10 (Bm:'gess, 1969 b ) , 19 (F u j ik i  & Zurek, 1975), and 23 (N icholson ,
1971) '  The method o f  W etlau fe r (1962) can be used to  p r e d ic t  a
p robab le  range o f try p to p h an  co n ten ts  fo r  th e  enzyme. Assuming th e re  a re
1 ^80 t y r ,  and 36 cy s, and u sin g  va lu es  o f 5 .4  (King & N icholson , 1971) 
and 6 .5  (R ichardson , 1966) p ro b ab le  try p to p h an  c o n te n ts  o f  between 14 and 
21 and 21 and 31 r e s p e c t iv e ly  can be c a lc u la te d .  Thus i t  seemed th a t  th e  
try p to p h an  co n ten t was u n d e re stim a ted , b u t the  v a lu e  was re p ro d u c ib le  in  
a number o f ex p erim en ts .
The try p to p h an  co n ten t could a ls o  be e s tim a te d  by p e p tid e  mapping.
Nhen th e  enzyme was d ig e s te d  w ith  s e v e ra l  d i f f e r e n t  p ro te a s e s ,  ip  to  10 
try p to p h an  sp o ts  could  be d e te c te d  (F ig  4*37, F ig  4 .3 8 , F ig  4 .3 9 ) .
Schachner & Z i l l i g  ( l9 7 l )  could  d e te c t  I 6 u s in g  p e p tid e  mapping on th e  
se p a ra te d  s u b u n i ts . These numbers a re  on ly  approxim ate because some 
p e p tid e s  may have been g en era ted  in  low y ie ld ,  and o th e rs  may n o t have 
been re s o lv e d . P ep tid e  mapping may be u s e fu l in  fo llo v d n g  try p to p h an  
and o th e r  o x id a tio n s  w ith  NBS, because o f th e  sm all m olar q u a n t i t ie s  o f  
sample re q u ire d , and th e  sm all s c a le  o f th e  m ethod. However i t  was 
d i f f i c u l t  to  re s o lv e  a l l  th e  p e p tid e s  o f core enzyme and i t  was n o t used 
fo r  m odified  enzyme.
Amino a c id  a n a ly s is  was used to  fo llow  th e  e f f e c t s  o f NBS o x id a tio n  
(F ig  4 . 40)* hhen th e  r e s u l t s  from 100 to  13 % a c t i v i t y  were f i t t e d  to  a 
s t r a ig h t  l i n e ,  by l e a s t  sq u ares  a n a ly s is ,  i t  was found th a t  th e re  was no 
d e te c ta b le  lo s s  o f h i s t i d in e ,  m ethonine, and try p to p h an , and between 3 and 
6 ty ro s in e s  were l o s t  (F ig  4 .4 1 ) .  T yrosine o x id a tio n  a f f e c t s  th e  e x t in c t io n  
method fo r  c a lc u la t in g  try p to p h an  lo s s  (Kronman e t  a l , ,  1967). The d a ta  
o f  Sclimir & Cohen ( l9 6 l )  were used to  e s tim a te  t h a t  th e  in c re a s e  in  
absorbance due to  o x id a tio n  o f  5 “ 9 ty ro s in e s  was e q u iv a le n t to  th e  
d ecrease  from one try p to p h an . Thus th e  tr^rptophan o x id a tio n  was 
u n d e restim ated  by no more th an  one re s id u e .
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Fig 4 .37  P ep tid e  maps o f  RNA polym erase (c o re )  d ig e s te d  w ith  t ry p s in .
•  o r i g i  n
+ e l e c t r  o p h o r  e s  i s
0
0
0 ^  
(?
•  o r i g i n
p H  2 0
■Ï- e l e c  t r o p h o r e s i s  
p H  3 - 5
« or i gi  n
e l e c t r o p h o r e s i s  
p H  6 - 5
P ep tid e  maps were run  as d e sc rib e d  in  s e c tio n  2 .2 .0 9 .  100 |ig sam ples,
d ig e s te d  w ith  t r y p s in ,  were a p p lie d . Chromatography was from th e  
bottom  upw ards. Tryptophan p e p tid e s  were d e te c te d  w ith  re a g e n t.
ÉWrUcUs
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Fig  P ep tid e  ma.ps o f  MA polym erase (c o re )  d ig e s te d  w ith  try p s j j i
4- chjmxotrypsin.^ and t r y p s in  4- th e rm o ly s in .
x 2 xl
O -x1
• o r i g i n
e l e c l r o p h o r e s i  s 
p H  3 - 5
o r i g i n
e l e c  t r o p h o r e s i s  
p H  6  5
1
t  I t  I J
-xl
•  o r i g i  n
+ e l e c t r o p h o r e s i se l e c t r o p h o r e s i s
p H  6 - 5  p H  6  5
3 4
P e p tid e  maps were run  as d e sc rib e d  in  s e c tio n  2 .2 .0 9 . 100 ).ig sam ples,
d ig e s te d  vd th  t r y p s in  + chym otrypsin ( l ,  2 and t ry p s in  + th e rm o ly sin  
(3> 4)> were a p p lie d . Chromatography was from th e  bottom  upwards. The 
try p to p h an  p e p tid e s  were d e te c te d  w ith  re a g e n t.
ÊkH'icV^
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Fig  4o39 P e p tid e  maps o f  RNA polym erase (c o re )  d ig e s te d  >rith
th e rm o ly s in  and s u b t i l i s i n .
\i/ >1'
e l e c t r o p h o r e s i s  
p H  3 ’5
I I I
CZ3— x l
Xl
A
o
.  o r i g i  n • o r i g i n
e l e c t r o p h o r e s i s  
p H  6 - 5
■ 4
/
e l e c t r o p h o r e s i s  
p H  3 - 5
.  o r i g i n
e l e c t r o p h o r e s i s  
p H 6 5
P ep tid e  maps were run  as  d e sc rib e d  in  s e c t io n  2*2 .09 . 100 |.ig sam ples,
d ig e s te d  w ith  th e rm o ly s in  ( l ,  2), and s u b t i l i s i n  (3 , 4)> were a p p lie d . 
Chroma-tography was from th e  bottom  upwards. Tryptophan p e p tid e s  were 
d e te c te d  w ith  KWdWia re a g e n t.
BW'kcVs
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Fig  4.40 Amino-acid com position  o f  MA polym erase (c o re )  a f te r
N~bromosuccinindde o x id a tio n  o f  p ro te c te d  enzyme 1.2
Amino a c id
A c tiv i ty  {%)
100 76 70 33 13 0
LYS 167 . 167 170 167 167 173
HIS 52 51 60 55 55 55
AEG 222 218 227 223 228 224
ASP 310 312 314 306 307 306
THE 129 134 137 126 127 131
SEE 149 167 173 143 142 154
GLU 406 407 413 411 408 405
PRO 101 125 111 114 115 119
GLY 247 253 256 2A.8 243 245
ALA 232 233 237 235, 227 232
VAL 275 252 264 281 266 268
MET 75 74 76 72 75 75
ILEU 202 189 197 207 202 199
lEU 327 327 321 321 325 314
TYR 78 78 79 75 75 75
PHE 82 81 83 81 81 80
TRP 11 .4 1 1 .4 I I 06 9 .6 12 .0 —
1 . M ethanesulphonic a c id  +  try p tam in e  h y d ro ly s is  f o r  48 h , d u p lic a te  
sam ples.
2 . The enzyme, p ro te c te d  and m odified  as d e sc r ib e d  p re v io u s ly  (F ig  4*21, 
F ig  4 . 25 ) ,  d ia ly s e d  in to  0*5 %■ ammonium b ic a rb o n a te , and an a ly sed  
as  d e sc rib e d  in  s e c t io n  2 .2 .0 1 .
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Fig 4.41  Loss o f  N-brom osuccinimide s e n s i t iv e  amino a c id s  during  
in a c t iv a t io n  o f  p ro te c te d  RNA polym erase (core)'* '.
Amino a c id Loss over f i r s t  90 %
o f NBS in a c t iv a t io n
HIS - 2 - 5
MET 0 .3  -  3
TYR h '5  -  .1-5
TRP 0-35 -  1 ”8
1 , The number o f amj.no a c id s  rem aining from 100 to  13 % a c t i v i i y  were 
f j . t te d  to  a s t r a i g h t  Id-ne by l e a s t  squares a n a ly s is .
The s e n s i t i v i t i e s  o f amino a c id  a n a ly s is  and p e p tid e  mapping were 
l im ite d  by th e  s iz e  o f th e  enzyne, and. i t  could have been in c re a se d  by 
studyj.ng th e  i s o la te d  su b u n its . P a r t i a l  r e s o lu t io n  o f  th e  su b u n its  was 
achieved  by chrom atography on Sephadex 0200 in  6M u rea  (ish iham a & I to ,
1972) ,  which s e p a ra te d  cx from jBp (F ig  4*42), and DEAE c e l lu lo s e  in  8 M 
u rea  (B urgess, 1969 b) which gave oe *P p (o r  p ) and p i p  (F ig  4*43)o 
However b e t t e r  r e s o lu t io n  was re q u ire d  b e fo re  th e  s e p a ra te d  su b u n its  coul..d 
be p r o f i t a b ly  a n a ly se d .
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Fig 4 42 Separation of RNA p o lym erase subunits on
0;u
c
5
%
<
Sephodex G200 in 6M u re a .0 4
0 2
10 20 30 40 50
Fraction num ber
28 29 31 32 33 34 35 36 37 38 39 41
5 ml of 2 mg/ml holoenzyme in elution buffer (10 mM Tris HCl pH 7*9> 
0*1 mil HiDTA, 0*1 mM DTT, 100 ini'-i KGl, 6M urea) was applied to a 
2*5 X 100 cm column of Sephadex 0200 which had been equilibrated with 
the same buffer. The subunits were eluted at 20 ml/h, 5 ml fractions 
were collected. SD3 polyacrylamide gels were run of fractions 28, 29, 
31, 32, 33, 34, 35, 36, 37, 38, 39, 41.
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Fig 4 43 Separat ion of RNA polymerase subunit s  on 
DEAE cellulose in 8M urea.
0 06 gradient wash
0 04
n  002
12550 1007525
F rac t ion  number
P ( P ) P+P
5 ml or 2 mg/ml core enzyme in 5 ml4 Tris HCl pH 7»9, 0*1 mI4 DTT, 8M 
urea was applied to a 0*9 x 15 cm column of Di4A£-cellulose equilibrated 
with the above buffer. The subunits were eluted with a 200 ml linear 
gradient, from 0*0 - 0*15 M KOI in the above buffer, at 20 ml/h, 2 ml 
fractions were collected. The column was washed with 0*5M KCl in the 
above buffer. SDS polyacrylamide gels were run of the pooled fractions 
56 - 60 (gel 1) and 102 - 122 (gel 2).
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4 » 3 e F u tu r e exo e r inient s ,
NBS modd.fic a tio n  o f co re  enzyme d id  no t appear to  a f f e c t  th e  
b ind ing  o f  p u rin e  n u c leo s id e  tr ip h o sp h a te s  and DNA, n o r i n i t i a t i o n  o f 
RNA s y n th e s is .  A b lock  in  e lo n g a tio n  could be d e te c te d  by m easuring 
u n priced  s y n th e s is  o f RNA (s e c t io n  1 .2 .2 o 5 )«  Hydrophobic amino a c id s  
c o n tr ib u te  to  th e  b in d in g  energy in v o lv ed  in  th e  a s s o c ia t io n  o f p ro te in  
su b u n its  (C lo th ia  & Ja n in , 1975), and try p to p h an  ap p ears  to  be in v o lv ed  
in  th e  monomer-dimer e q u ilib r iu m  of g lu ta jiia te  dehydrogenase (titzem an n  
e t  1974)* Hence th e  m o d if ic a tio n  may have a f f e c te d  th e  a s s o c ia t io n
o f th e  su b u n its  o f  RNA polym erase , and t h i s  could  be in v e s t ig a te d  by 
m easuring th e  sed im en ta tio n  va lue  o f  th e  enzyme in  low and high  s a l t .  
R ifam picin  b in d in g  to  MA polym erase quenches try p to p h an  flu o re sc e n c e  
(V/u & G old thw ait, 1969 a ) ,  and p ro b ab ly  in v o lv es  a hydrophobic s i t e  on 
th e  enzyme. A m o d if ic a tio n  in  t h i s  s i t e  could be d e te c te d  by m easuring 
th e  b ind ing  o f  r ifa m p ic in  to  th e  enzyme. S ince q u a n t i ta t io n  and th e  
e x c lu s io n  o f  s id e  r e a c t io n s  were d i f f i c u l t  w ith  NBS, th e  s e n s i t i v i t y  o f  
th e  methods used  fo r d e te c t io n  need to  be imiproved. This could be 
ach ieved  by i s o l a t i n g  th e  su b u n its  and s p e c i f ic  p r o te o ly t ic  fragm ents 
o f  th e  enzyme, o r  by u s in g  ra d io a c t iv e  d e r iv a tio n s  o f  2“hydroxy-5" 
n itro b e n z y l b ro m d e , and su lp h en y l h a l id e s .
1 3 6
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5.1  In t r o  duc t  io n
Im id o es te rs  r e a c t  s p e c i f i c a l ly ,  and under m ild  c o n d itio n s , w ith  th e  
amino groups o f  p ro te in s  to  g ive am din .es (H unter & Ludwig, 1972;
Ludid-g & H unter, 1967; Means & Feeney, I9 7 i)*  The r e a c t io n  can be 
re p re se n te d  as :
I©^  ( P )— N— C— NHz
R -  H
H
I'
N ®  NH-5 + R O N  
■
I
R
The r e s u l t in g  ami d in es  a re  s tro n g e r  bases th an  th e  p a re n t am ines. The 
re a c t io n  i s  pH dependent and, wd.th model compound^ a pH optim um 'occurs 
below which th e  breakdown o f  th e  te t r a h e d r a l  in te rm e d ia te  i s  r a t e  
l in d t in g ,  and above which th e  r e a c t io n  w ith  f r e e  base and t h e . c a t io n ic  
form o f  th e  im id o e s te r  i s  r a t e  l im i t in g  (Hand & Jen ck s, 1962). A 
competing re a c t io n  i s  a  slow er h y d ro ly s is  o f  th e  re a g e n t, which i s  
n e i th e r  s u b je c t to  g e n e ra l a c id  base c a ta ly s i s ,  n o r enhanced by th e  
p resen ce  o f p ro te in  (Means & Feeney, 1971).
A m idination should  be u s e fu l  in  th e  s tu d y  o f  RNA polym erase 
because o f  th e  m ild  r e a c t io n  c o n d itio n s , th e  s p e c i f i c i t y  fo r  amino 
groups, and th e  a v a i l a b i l i t y  o f r a d io a c tiv e  re a g e n ts ,  Lm idoesters 
v d th  a ro m atic  o r  charged s id e  ch a in s  could be used to  a l t e r  th e  
s e l e c t i v i t y  fo r  groups o f  ly s in e s .  In  t h i s  s tu d y  Rl'îA polym erase core 
enzyme was m odified  w ith  m ethy l- a c e tiird d a te , i n  th e  p re sen ce  and
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absence o f  s u b s t r a te s ,  to  g a in  in fo rm a tio n  on th e  s t r u c tu r e  and a c t iv e  
s i t e  o f  th e  enzyme.
5.3 R e su lts  and D iscu ssio n .
Amj-dination o f  MA  polym erase (c o re ) , a t  a h igh  re a g en t 
c o n c e n tra tio n , le d  to  a m o d if ic a tio n  o f 147 o f  th e  a v a i la b le  169 
ly s in e s ,  and to  a ra p id  lo s s  o f a c t i v i t y  (F ig  5*1). At a low er 
c o n c e n tra tio n  th e  r e a c t io n  was l im ite d  to  abou t 65 ly s in e s  (F ig  5 .2 ) .  
M o d ifica tio n  o f 5 ly s in e s  le d  to  no lo s s  o f a c t i v i t y ,  wereas r e a c t io n  o f  
50 gave 95 % i n h ib i t i o n .  These e s s e n t ia l  ly s in e s  may be in v o lv ed  in  
m a in ta in in g  th e  s t r u c tu r a l  i n t e g r i t y  o f th e  enzyne, o r  may p a r t i c ip a te  
in  th e  a c t iv e  s i t e .  S u b s tra te s  were found to  p r o te c t  a g a in s t  th e  i n i t i a l  
r a t e  o f  in a c t iv a t io n  (F ig  5.(^3)> and, a s  expec ted , th e re  was l i t t l e  
d if f e re n c e  between th e  f i n a l  a c t i v i t i e s  (F ig  5*2). The r e s id u a l  
d if f e r e n c e  in  a c t i v i t y  may have been due to  ex h au s tio n  o f  re a g e n t by 
h y d ro ly s is , and t h i s  may account: fo r  th e  sm a lle r  number o f ly s in e s  
re a c te d  a t  th e  p la te a u  re g io n s  fo r  f r e e  enzyme (F ig  5 ,1 , F ig  5 .2 ) .
P ro te c tio n  a g a in s t  in a c t iv a t io n  was g re a te s t  in  th e  i n i t i a t e d  
complex o f  enzyme, DNA, ATP, GTP, and CTP, le s s  when den atu red  DNA was 
used  to  p r o te c t ,  and on ly  a sm all amount v à th  p u rin e  n u c le o tid e s  as 
p ro te c t io n  (F ig  5*3)* This was th e  same o rd e r as  th e  a s s o c ia t io n  
c o n s ta n ts  o f  th e  com plexes, which would account f o r  th e  observed  
p r o te c t io n .  A l te rn a t iv e ly  i t  may have r e f le c te d  a d if f e re n c e  in  th e  
con fo rm ationa l s t a t e s .  N icholson & King (1973) found th a t  th e  i n i t i a t e d  
enzyme had an in c re a s e d  r e s is ta n c e  to  in a c t iv a t io n  by t h i o l  re a g e n ts , 
which th e y  a s c r ib e d  to  i t s  ^ t i g h t e r ’' conform ation in  t l i i s  s t a t e .  A 
s im ila r  e f f e c t  could co n fer r e s is ta n c e  on amino groups in v o lv ed  in  
m a in ta in in g  th e  s t r u c tu r e  o f  RNA polym erase. This could  be compared 
w ith  th e  m ethyl a c e tim id a te  m o d if ic a tio n  o f bovine serum albuimin, which 
a f f e c t s  th e  e q u ilib r iu m  between th e  N and F co n fo rm ations, p robab ly  due
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Fig 5.1 Ar n i d i n a t i on  o f  RNA p o l y m e r a s e  ( c o r e )
wi th  0 - 0 8 5 M  m e t h y l  a c e t i m i d a t e .
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6 0 0
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T i m e  ( h )
RNA polym erase ( c o re ) ,  0*8 mg/ml, in  180 ïïîM t r i e th a n o lam ine HCl, 0*8 mM 
DTT, 0 .8  mM EDTA, 4 % g ly c e ro l ,  pH 8*0, was m odified  w ith  0*085 M m ethy l- 
[ 14Ô] a c e tim id a te  a t  20^C* Samples were tak en  a t  i n t e r v a l s ,  cooled in  
i c e ,  and chrom atographed on Sephadex 025 e q u i l ib ra te d  w ith  50 mM 
trie th a n o la ra in e  HCl, 0*1 mM .SDTA, O^l mM DTT, 0»2 M NaCl, 5 % g ly c e ro l, 
pH 8*0o The number o f  re a c te d  ly s in e s  was determ ined  by com parison w ith  
RNA polym erase m odified  f o r  8 h in  6 M guanidinium  h y d ro c h lo rid e . Samples 
were assayed  fo r  p ro te in  ( s e c t io n  2 . 2 , 07 ), r a d io a c t iv i ty  ( s e c t io n  2 ,2 .0 ? )  
and enzyme a c t i v i t y  ( s e c t io n  2 ,2 ,1 2 ) .  M eth y l-[ a c e tim id a te , p rep ared  
as  d e sc rib e d  by Bates ai., ( l9 7 5 ) , was a g i f t  from Dr. JAR* Coggins.
F i g  5 . 2  A r n i d i n a t i o n  of  R N A  p o l y m e r a s e  ( c o r e )
- ± D N A  w i t h  O - Q l M  m e t h y l  a c e t i m i d a t e .
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RNA polym erase (c o re ) ,  1*0 mg/ml, in  100 mM tr ie th a n o la iu in e  HCl, 1 mM 
LDTA, 0 ‘1 mM DTT, 5 /' g ly c e ro l ,  pH 8«0, 20^0, w ith  o r w ith o u t 0*7 dM 
denatu red  DNA, was m odified  w ith  0*01 M m ethyl- ace tim i.d a te , damp le s
were chrom atographed on Sephadex 025 e q u i l ib ra te d  w ith  50 mi'l triethanolazrdne 
HCl, 0*1 mM MDTA, OlrnM DTT, 0*2 M NaCl, 5 g ly c e ro l ,  pH 8 .0 . D enatured DBA 
was p repared  by s o n ic a tio n  fo r  4 x  30s , b o il in g  fo r  5 min, and ra p id  co o lin g . 
In  a c o n tro l  eDcperiment no in c o rp o ra tio n  o f r a d io a c t iv i ty  in to  DNA could be 
d e te c te d , ( o—o c o n tro l a c t i v i t y ,  f r e e  enzyme;, v—v c o n tro l a c t i v i t y ,  enzyme + 
DNA; 0—0 a c t i v i t y  of enzyue; a—.a a c t i v i t y  o f  enzyme + DNA; ©—0  ly s in e s  
m odified , f r e e  enzyme; A—A ly s in e s  m odified , enzyme i  DNA).
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Fig 5 .3  Ef fec t  o f  s u b s t r a t e s  o n  t h e  i n a c t i v a t i o n
o f  c o r e  e n z y m e  w i t h  m e t h y l  a c e t i m i d a t e .
■a— //— Q
m mj j  mm
0 25 5 0 115
Time {min)
RNA polym erase (c o re )  was m odified^ as  d e sc rib e d  in  F ig  5 .2 ,  i n  th e  
p re sen ce  o f  0*7 mM den atu red  DNA, 0*7 ml/i d en atu red  DNA + 0*4 mM ATP H- 
0*4 n# OTP + 0«4 mM' CTP, and 0*4 nil ATP + 0*4 mM OTP* Samples were 
p re in c u b a te d  fo r  30 min, a t  20°C, be fo re  a d d it io n  o f r e a g e n t .  The 
re a c t io n  was s topped  by d i lu t in g  10 j i l  samples in  th e  norm al assay  
s o lu t io n s .  N ucleoside tr ip h o sp h a te s  (J .R . Coggins, p e rso n a l 
com m unications) and DNA do n o t r e a c t  w ith  th e  re a g en t under th e se  
c o n d itio n s , (-Sr—a enzyme t  DNA + ATP t  GTP + CTP, ©—@ enzyme t  DNA, 
enzyme t  ATP -Î- GTP, o—o enzyme a lo n e , a—a  c o n tro l  w ith  enzyme 
and no r e a g e n t) ,
to  d is ru p t io n  o f — C00*~ — in te r a c t io n s  (Avruch e t  1969)*
The in c re a se d  r e s is ta n c e  due to  n u c le o tid e s  and DNA to g e th e r  could a ls o  
be ex p la in ed  by in a c t iv a t io n  o c c u rrin g  a t  two d i s t i n c t  s i t e s .
There was a p ro p o r t io n a l ly  sm a lle r  p ro te c t io n  o f  th e  r a t e  o f lo s s  
o f  ami.no groups compared w ith  a c t i v i t y  (F ig  5 .2 , F ig  5 ,4 ) .  Assuming 
th a t  m o d if ic a tio n  o f  a sm all group o f  f a s t  r e a c t in g  amino groups le d  to  
in a c t iv a t io n  and t h a t  o th e r  groups re a c te d  to  the  same e x te n t ,  i t  could  
be concluded from F ig  5*4 th a t  8 - 1 0  ly s in e s  were in v o lv ed  in  a c t i v i t y .
I f  th e  assum ptions were t r u e  i t  would be expected  th a t  th e  d if f e r e n c e  in  
a c t i v i t y  would be p ro p o r t io n a l  to  th e  d if fe re n c e  in  amino groups m o d ified . 
F u rth e r  experim ents a re  re q u ire d  to  confirm  t h i s .  The number o f
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e s s e n t ia l  ly s in e s  could  be compared to  th e  s i s e  o f  th e  DNA b in d in g  s i t e ,  
th e  number o f  n u c le o tid e  b in d in g  s i t e s ,  and th e  s iz e  o f th e  open reg io n  
d u rin g  t r a n s c r ip t io n ^  % e n u c lea se  r e s i s t a n t  DNA fragm ents bound to  MA 
p o l5?merase a re  15-40 base p a i r s  long  ( s e c t io n  1 ,2 .2 , l ) ,  and com plete 
charge n e u t r a l i s a t io n  by ly s in e  would re q u ire  3 0 -  BO amino groups, 
whereas two n u c le o tid e  b in d in g  s i t e s  would req u in e  4*" B ly s in e s ,  and th e  
B base p a i r  open re g io n  p re s e n t d u ring  t r a n s c r ip t io n  about l6  ly s in e s ,  
ih a id in a tio n  o f groups in v o lv ed  in  p u re ly  io n ic  in te r a c t io n s  would p robab ly  
n o t have le d  to  in a c t iv a t io n .  The in a c t iv a t io n  may be com parable w ith  
th a t  observed  xvLth MA ase  (R eynolds, 1968), M o d ifica tio n  w ith  m ethyl 
a c e tim id a te  le d  to  com plete in a c t iv a t io n ,  a lth o u g h  p h y s ic a l p ro p e r t ie s  
o f  th e  97 % r e a c te d  enzyme were v i r t u a l l y  unchanged. The in a c t iv a t io n  
was due to  r e a c t io n  w ith  th e  e s s e n t i a l  ly s in e  41 (H irs  e t  al*> 1965), 
and p ro b ab ly  r e s u l te d  from s t r i c t  s t e r i c  req u irem en ts  around t h i s  group .
Fig 5.4 A rn id in a t io n  of RNA p o l y  m e r a s e  ( c o r e )  ± DNA 
+ATP +GTP + CTP w i t h  0  0 1 M m e t h y l  a c e t i m i d a t e .
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RNA polym erase (c o re )  was m odified^ as d e sc rib e d  in  F ig  5 . 2 ,  wdth o r 
w ithou t 0*7 mM denatu red  DNA -I- 0 .4  mM ATP + 0*4 mM GTP 4- 0*4 mM CTP 
( v ~ v  c o n tro l  a c t i v i t y  f r e e  enzyme, a—a c o n tro l  a c t i v i t y  w ith  s u b s t r a te s ,  
0—0  a c t i v i t y  w ith  s u b s t r a te s ,  0 — 0  a c t i v i t y  o f  enzyme, ®—o ly s  m odified  
f r e e  enzyme, a—a ly s  m odified  w ith  s u b s t r a te s ) .  ■«”
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The r a te  o f  in a c t iv a t io n  in  th e  f i r s t  20 min o f  m o d if ic a tio n  was 
found to  foLlow pseudo f i r s t  o rd e r k in e t i c s ,  in d ic a tin g  th a t  one group 
o f ly s in e s ,  (o r  p o s s ib ly  s e v e ra l  groups w ith  s i m l a r  r a t e  c o n s ta n ts ) ,  
was in v o lv ed  in  th e  i n a c t iv a t io n , The e f f e c t  o f  v a ry in g  th e  d en atu red  
DNA c o n c e n tra tio n  on th e  pseudo f i r s t  o rd e r r a t e  c o n s ta n t xms determ ined 
(F ig  5 ,5 ) .  The fo llo w in g  sim ple model, in  which th e  i n i t i a l  r a t e  o f  
in a c t iv a t io n  depended upon th e  p ro p o r tio n  o f enzyme in  th e  f r e e  and DNA 
bound s t a t e ,  was used to  in te r c e p t  th e  r e s u l t s :
K
D E ED
h
E i E i
where E, Ei — a c t iv e  and in a c t iv e  enzyme r e s p e c t iv e ly  
D, ED = f r e e  and enzyme bound DNA 
k f , -  r a t e  c o n s ta n ts  fo r  in a c t iv a t io n  o f  f r e e  and DNA bound
enzyme
K = d is s o c ia t io n  c o n sta n t -  [E] [D]/[ED]
T his g iv es  (Appendix 8 ) :
[d3 t  -  K + [E ]t 
^o"^2
where [p] t ,  [s] t  = t o t a l  c o n c e n tra tio n s  o f DNA and enzjune
k^ = observed  r a te  c o n s ta n t.
The d a ta  in  F ig  5 .5  gave K = 8 -  2 x  10 %  (F ig  5 .6 ) .  This v a lu e  was 
sm a lle r  th an  5 x  10 fo r  core enzyme and n a tiv e  DNA (H inkle  &
Cham berlin, 1972a) and su g g es ts  t h a t  core enzjaiie has l e s s  a f f i n i t y  fo r  
den atu red  DNA, The d if fe re n c e  between th e  v a lu es  i s  la rg e  and re q u ire s  
c o n f im a tio n  o f th e  r e s u l t s  by d i r e c t  measurement o f  th e  d is so c ia tio n , 
co n s ta n t fo r  den a tu red  DNA,
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Fig 5-5 E f f e c t  of d e n a t u r e d  DNA o n  i n a c t i v a t i o n  of c o r e
o
e n z y m e  with 001 M m e t h y l  a c e t i m i d a t e .
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RNA polymerase (co re) was m odified as described in  Fig 5=3^ 
d if fe r e n t  denatured DNA con cen tra tion s•
Fig 5-6 D e t e r m i n a t i o n  of  K for d e n a t u r e d  DNA.
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The data in  Fig 5 .5 was p lo tte d  using the equation derived in  Appendix 
The gradient gave K = 80 t  20 pK,
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In  suiïBiiary m o d if ic a tio n  o f RNA polym erase (c o re )  w ith  m ethyl 
a c e tim id a te  le d  to  lo s s  o f a c t iv j . ty .  P ro te c t in g  th e  enzyme w ith  
s u b s t r a te s  p rev en ted  th e  m o d if ic a tio n  o f  8 - 1 0  ly s in e s ,  Krakow (l9 7 3 ) 
o b ta in ed  s im i la r  r e s u l t s  w ith  A ao tobacter v in la n d i i  core  enzyme. He 
found th a t  t r in i tro b e n z e n e su lp h o n ic  a c id  m odified  abou t 50 ly s in e s  w ith  
com plete lo s s  o f a c t i v i t y ,  and t h a t  po ly  d(A--T) p ro tec ted  a g a in s t  
in a c t iv a t io n  and th e  lo s s  o f  about 8 ly s in e s .
5c3 F u r th e r  work,
M ethyl a c e tim id a te  m y  a f f e c t  th e  s t r u c tu r e  o f co re  enzyme, and a 
v a r ie ty  o f  te ch n iq u es  could  be used to  s tudy  th e  conform ation  o f  th e  
a c t iv e  and in a c t iv e  m o lecu les . The in h ib i t i o n  may be a t  any o f  th e  
d is t in g u is h a b le  s te p s  in  th e  a c t i v i t y  o f  RNA po lym erase, A l i k e ly  
co n d id a te  i s  DNA b in d in g , and th e  tem p la te  b ind ing  a b i l i t y  o f m odified  
and m odified™ protected enzyme could be compared. A nalysis  o f  th e  
su b u n it d i s t r ib u t io n  o f  la b e l  in  f r e e  enzyme, s u b s t r a te  p ro te c te d  
enzyme, and a f t e r  m o d if ic a tio n  a t  low and Iriigh io n ic  s t r e n g th ,  could 
g ive  in fo rm a tio n  on th e  r e l a t i v e  exposure o f  su b u n it ly s in e s ,  th e  
su b u n it d i s t r ib u t io n  o f s u b s t r a te  b in d in g  s i t e s ,  and th e  in te r a c t io n s  
in v o lv ed  in  th e  a s s o c ia t io n  o f  th e  enzyme*
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6 .1 . I n tr o d u c t io n «
Kosaganov ^  a l ,  ( l9 7 l )  showed th a t  RNA po lym erase, in  a ternary  
complex o f  DNA -  p ro te in  -  RNA, a f f e c te d  th e  k in e t ic s  o f  form aldehyde 
m e ltin g . They an a ly sed  t h e i r  r e s u l t s  by th e  method o f T rifonov e t  ad . 
( 1968) ,  which p r e d ic ts  th a t  form aldehyde m e ltin g  fo llo w s th e  eq u a tio n ;
= 2vc t  p v t
t
where n — fr a c tio n  o f  base p a irs  hydrogen bonded a t  time t  
c ~  concentration o f  d e fec ts  (reg ion s permanently 
a c c e s s ib le  to  rea ctio n  m .th  formaldehyde) 
p — ra te  constant for  th e  formation o f  reg ion s capable o f  
ir r e v e r s ib ly  rea ctin g  w ith formaldehyde 
V = ra te  constant for  the growth o f  denatured reg io n s.
This equation was derived assuming th a t random reg ion s o f  the double 
heRlx opened spontaneously, and i f  they were a cer ta in  s iz e  th ey  reacted  
ir r e v e r s ib ly  with formaldehyde. These areas in creased  in  s iz e ,  along the  
h e lix ,  u n t i l  the m olecule was denatured. D efects provided extra regions  
from which dénaturation conld extend, and so increased  th e ra te  o f  
m eltin g . The concentration  o f d e fe c ts  was obtained by p lo t t in g  -  lj:i(n )/t  
versus t ,  the in ter c ep t gave 2vc, v was determzLned usin g  shear degraded 
DNA o f Imovm m olecular w eight.
Tills method was used by Trifonov and h is  co-w orkers to  determ ine 
th e  number o f  d e fe c ts  in tro d u ced  in to  DNA by p a n c re a t ic  DNA ase  (Bannikov 
& T rifo n o v , 1969) and uv i r r a d i a t i o n  (T rifonov  e t  a d . ,  1968), They 
were a b le  to  show th a t  th e  r e s u l t s  ag reed  w ith  independen t d e te rm in a tio n s  
o f th e  number o f  d e f e c ts ,  RNA a se , bound to  DNA, was a lso  found to  
a f f e c t  th e  k in e t ic s  in  a s im ila r  manner, and hence th e  number o f  d e fe c ts  
could be detei-mined (Kosaganov e t  a l . ,  1969). In  t h i s  case , a t  l e a s t ,
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th e  r e a c t io n  o f  p ro te in  vrith form aldehyde (Means & Feeney, 1971) d id  n o t 
a f f e c t  th e  k in e t i c s .  Thus Kosaganov e t  a l ,  (1971/ argued  th a t  th e  
k in e t ic  form aldehyde method could  be a p p lie d  to  a p r o te in  such as  RNA 
polym erase . They found th a t  th e  t r a n s c r ip t io n  complex produced d e fe c ts ,  
presum ably due to  unv/inding o f th e  double h e l ix .  However, th e re  were no 
d e te c ta b le  d e fe c ts  w ith  th e  p r e i n i t i a t i o n  complex, which a ls o  unwinds 
th e  h e l ix  ( s e c t io n  1 . 2 , 2 . 1 ) .
In  t h i s  s tu d y  th e  id n e t ic  form aldehyde method was in v e s t ig a te d  as  a  
sp ec tro p h o to m etric  a ssa y  f o r  RNA po lym erase. A sp ec tro p h o to m etr ie  
a ssa y  would be more co n v en ien t th an  th e  norm al a ssa y , which m easures th e  
in c o rp o ra tio n  o f  r a d io a c t iv i ty  in to  a c id  p r e c ip i ta b le  RNA. I t  m ight 
a ls o  have p rov ided  in fo rm a tio n  on th e  number o f  slow re g io n s  p re s e n t 
d u rin g  t r a n s c r ip t io n ,  th e  number o f  independent polym erase m olecu les 
which can t r a n s c r ib e  a gene, and th e  s iz e  o f  th e  t r a n s c r ib in g  re g io n .
6.2» R esu lts  and D iscu ss io n .
Formaldehyde m e ltin g  experim ents were perform ed a s  d e sc r ib e d  by 
Kosaganov e t  a l .  ( l9 7 l )  excep t t h a t  T7 DNA and 54^G were u sed , in s te a d  
o f  T2 DNA and 48^0. T7 i s  sm a lle r  th a n  T2 DNA (m ol. vfts. 24 & l6 0  x  10*^  
r e s p e c t iv e ly ) ,  and hence more e a s i ly  p rep a red  in  a n a t iv e  form. Also 
more i s  known about i t s  t r a n s c r ip t io n  (C ham berlin, 1974b). 54^G was
used  to  d ecrease  th e  r e a c t io n  t i n e  from about 200 to  100 m in, and make i t  
comparable to  t h a t  f o r  T2 DNA. M elting  curves in  th e  p resen ce  and 
absence o f RNA polym erase holoenzyme (F ig  6 .1 ) were an a ly sed  by th e  
method o f  T rifonov  e t  (1968). The r e s u l t s  were f i t t e d  to  a
s t r a i g h t  l in e  by th e  l e a s t  sq u ares  method, w eighted  to  compensate fo r  
th e  g re a te r  e r ro r s  in v o lv ed  in  determ in ing  th e  r a t e  o f absorbance 
changes a t  th e  beg inn ing  and end o f  th e  m e ltin g  (Appendix 7)*
1 4 8
Fig 6.1 D é n a tu r a t io n  of T7 DNA by 5*6 ®/o fo r m a ld eh y d e ,  
(w a v e le n g th  = 255 nm^temp.- 5 4 ° C  )
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T? DNA, 60 jig in  O' 5 ml o f 5 mM tr ie th a n o la m in e  HCl pH 7*7>
4*5 mM MgCl2 , 43 mî4 KCl, 1*4 mM 2-m ercap toethanolam ine , 4 pM ATP,
4 pM GTP, 4 l-A''! CTP, 4 pM UTP, w ith  o r w ithou t PNA polyinerase (holoenzyme) 
was p re in c u b a te d  fo r  15 min a t  54^C in  a 1 ml., t e f lo n  s to p p e red , 
ja c k e te d  spec tro p h o to m ete r c e l l .  0*5 ml o f 11^ (w/w) form aldehyde in
5 mM tr ie th a n o la m in e  HCl, pH 8°4, p re in c u b a te d  f o r  15 min a t  54°C, was 
added from a p re h e a te d  p ip e t te  t i p .  The s o lu tio n s  were mixed and 
absorbance changes reco rd ed  w ith  an SP8000 sp ec tro p h o to m ete r and Heathid.t 
re c o rd e r  ( Ï7  DNA, a—# T? DNA t  3 enzyme u n i ts  o f  holoenzym e).
The p lo t  fo r  DNA gave a n e g a tiv e  va lu e  fo r  th e  i n t e r c e p t ,  and th e  
p re sen ce  o f enzyme made t h i s  va lu e  l e s s  n e g a tiv e  (F ig  6 .2 ) .  These 
"n eg a tiv e  d e fe c ts "  may have been an a r t e f a c t  o f  th e  ex p erim en ta l 
c o n d itio n s , o r th e y  may have r e s u l te d  from a la g  in  DNA m e ltin g  (a ls o  
e q u iv a le n t to  r e n a tu ra t io n  com pensating fo r  d é n a tu r a t io n ) .  A lte r in g  a 
nuiaber o f ex p erim en ta l c o n d itio n s  d id  n o t a f f e c t  th e  n e g a tiv e  i n te r c e p t .  
Taking p re c a u tio n s  to  e lim in a te  d u s t p a r t i c l e s ,  and v a ry in g  th e  tim e o f 
p re in c u b a tio n  from 5 to  120 min, d id  n o t a f f e c t  th e  r e s u l t s .  The 
i s o s b e s t ic  p o in t  used to  fo llo w  d é n a tu ra tio n , w ith o u t in te r f e r e n c e  from
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Fig. 6-2 Analysis  of T7 DNA-formaidehyde dena:  
tu ra t ion  by th e  method of Trifonov e j
q L (1968) .
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The r e s u l t s  in  F ig  6«1 were an aly sed  by the  method o f T rifonov  e t  
( 1968) ,  They were f i t t e d  to  a s t r a ig h t  l in e  by th e  w eighted  l e a s t  
squares m ethod, E rro r  b a rs  a re  In c lu d ed  on s e v e ra l  p o in ts  to  in d i.ca te  
th e  r e l a t iv e  s iz e s  o f th e  w e igh ting  fa c to r s  (o~©T7 DNA; ^—8 T? DMA t  
3 enzjmie u n i t s  holoenzym e),
th e  r e a c t io n  w ith  formaldehyde^ was red e term in ed , Kosaganov e t  aJL.(1971 ) 
used a w avelength o f  255 nm  ^ determ ined  by comparing th e  a b so rp tio n  
spectnm i o f d en a tu red  DMA in  th e  p resence  and absence o f form aldehyde a t  
lOO^Go D enatured DNA a t  54°G gave an i s o b e s t ic  p o in t  a t  243 nm (F ig  6.3)^ 
bu t a n a ly s is  o f  th e  k in e t ic s  a t  t h i s  w avelength a lso  gave a n eg a tiv e  
in te r c e p t  (F ig  6 . 4 ) « The n e g a tiv e  in te r c e p t  was p ro b ab ly  n o t due to  
im p u r i t ie s  in  th e  form aldehyde, s in c e  p u r ify in g  th e  form aldehyde ( s e c t io n  
2 . 2 . 11 ) d id  n o t a f f e c t  th e  r e s u l t s  (F ig  6 , 4)0
Jonker & Blok (1975) o b ta in ed  a n e g a tiv e  in te r c e p t  fo r  T2 DNA, about 
o n e - f i f th  o f  d ia t  fo r  T7 DNA, d e sp ite  ta k in g  a number o f  p re c a u tio n s .
They c o rre c te d  fo r  e r ro r s  in  de term in ing  th e  i n i t i a l  absorbance changes 
by u s in g  a d i f f e r e n t i a t e d  form o f  th e  normal e q u a tio n . O ther 
p re c a u tio n s  th ey  took  were s to r in g  form aldehyde a t  room tem peratu re  fo r  
two days b e fo re  u se , in c re a s in g  th e  p re in c u b a tio n  tim e to ^ l  h , and
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Fig 6-3 I s o s b e s t i c  point for f o r m a l d e h y d e  
a n d  heat  d e n a t u r e d  T 7 DNA.
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T? DM; 0*5 nil in  5 #1 tr ie th a n o la m in e  HCl; pH 7*7^ 4'-5 mM MgClp, 
43 mM KOI; 1«4 mM 2-m ercap to eth an o l; was d i lu te d  w ith  0*5 ml 5 ml4 
t r i e th a n o lam ine HCl; pH 8*4; a lo n e  o r c o n ta in in g  11 % foraialdehydee 
The a b so rp tio n  s p e c tra  o f l )  n a tiv e  DNA a t  54*^0; 2 ) DNA; den atu red  a t
lOO^G fo r  5 min and cooled  to  %PQ ( th e  spectrum  a t  54^C was c o n s tan t 
fo r  5 m in); 3 ) d en a tu red  DNA a t  100^0; 4) d en a tu red  DNA; in  th e
p resen ce  o f 5*6 % fo m ald eh y d e; a t  54^0, and 5) d en a tu red  DNA; vd th  
form aldehyde; a t  lOO^C; were reco rd ed  on an SP8000 sp ec tro p h o to m ete r. 
R epeated h e a tin g  to  lOO^C and co o lin g  to  54°G had no e f f e c t  on th e  
s p e c tra  o f 2 -  5» The i s o s b e s t ic  p o in ts  w ere: d en a tu red  DNA w ith  and
v d th o u t form aldehyde a t  54^G = 243 1’ 0*2 nni; den a tu red  DNA w ith  and 
wi’.th o u t form aldehyde a t  lOO^G = 247 nni; den atu red  DNA a t  lOO^C and 
den a tu red  DNA H- form aldehyde a t  54^G -  252 nm.
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F ig  6 ,4  E f f e c t  o f  w avelength ; p u r i ty  o f form aldehyde; and enzyme^ on 
th e  m e ltin g  k in e t ic s  o f T? DNA '^,
W avelength
(nm)
Enzyme
( u n i t s )
10^ g ra d ie n t 
(mi.n ^)
l o f  in t e r c e p t  
(min ^)
form aldehyde
255
255
- 0*17(1)2
0.22^0.02(3)
~ 0 • 62 
-  0 *4.8- 0 .10
commercial
p u r i f ie d
243 — 0 . 29- 0 -04( 5) -  0 *56^0 .07 p u r i f i e d
255 6 0 . 47- 0 . 03(2 ) - 0 .22-0 .01 commercial'
255 3 0 .36- 0 . 04(2 ) -  0 . 51- 0 .4 p u r i f i e d
243 12 0 .32(1 ) t  0*76 p u r i f ie d
lo C o nd itions were as  d e sc rib e d  in  F ig  6 ,1 ,
2 , F ig u re s  in  b ra c k e ts  a re  th e  number o f experim ents perform ed,
en su rin g  th e re  was l i t t l e  change in  tem p era tu re  d u ring  th e  m ixing o f 
form aldehyde and DNA* Thus a  n e g a tiv e  in te r c e p t  seems to  be an in h e re n t  
e r r o r  in  th e  method; and i s  worse fo r  some ty p es  o f  DNA th a n  o th e rs*
RNA polyraerase in c re a s e d  th e  v a lu e  o f  th e  in te r c e p t ;  as p re d ic te d  
by th e  th e o ry  (F ig  6 *4)0 S ince th e  e f f e c t  was sm all; and sitid .la r in  
s iz e  to  th e  n e g a tiv e  in te r c e p t  observed  w ith  DNA a lo n e ; i n t e r p r e ta t io n  
o f  the  r e s u l t s  was g r e a t ly  in f lu e n c e d  by the  e x p lan a tio n  f o r  a n eg a tiv e  
in c e p t .
Galf-th^mius DNA gave a p o s i t iv e  in te r c e p t  under s im ila r  c o n d itio n s  
(F ig  6 . 5 ) ,  bo th  a t  255 nm, and a t  245 nm ( th e  " is o s b e s t ic "  p o in t  a t  
54°G; F ig  6*6). This DMA norm ally  c o n ta in s  n ick s  and s in g le  s tran d ed  
re g io n s  which a f f e c t  th e  m e ltin g , and com plicate  i n t e r p r e t a t i o n  o f th e  
r e s u l t s  in  th e  p resen ce  o f  RNA polym erase .
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Fig .6-5 A n a l y s i s  of CT D N A -form aldehyde  dena:  
turation by the method of Trifonov et  
a l . (1968) .
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C onditions were as d e sc rib e d  in  F ig  6 ,1 , excep t t h a t  calf-thym us DNA, 
245 nin, and 6 enzynie u n i ts  were u sed , ( #  ca lf-thym us DNA,
EÏ—Ü c a l f  “thymus DNA + 6 enzyme u n i t s ) .
Fig.6-6 I s o s b e s t i c  point for fo r m a ld e h y d e  and  
h e a t  denatured  calf-thy mus DNA ( 54'^C).
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C alf-thym us DNA, in  th e  b u ffe r  d e sc r ib e d  in  F ig  6 .3 , was h eated  to  100°C 
fo r  5 ni-in, cooled to  54^G, and th e  a b so rp tio n  spectrum  re co rd ed . The 
form aldehyde c o n c e n tra tio n s  w ere: 1 . none, 2 . 0*011 3* 0*55
4* 5*6 R eheating  to  lOO^C and coo ling  had no e f f e c t  on th e  s p e c tr a .
I s o s b e s t ic  p o in t — 245 -  1 nm,
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At low c o n c e n tra tio n s  o f enzyme th e re  was an in c re a s e  in  th e  
i n te r c e p t ,  in d ic a t in g  an in c re a s in g  number o f  d e fe c ts  (F ig  6 ,7 ) ,
Ib ir th e r enzyme reduced  th e  i n te r c e p t ,  e v e n tu a lly  to  a n e g a tiv e  va lue  « 
The g ra d ie n t  rem ained a t  a c o n s ta n t va lue  up to  app rox im ate ly  50 u n i ts  
o f  enzyme, and th en  in c re a se d  (F ig  6 ,8 ) ,  These r e s u l t s  suggested  t h a t  
as w e ll as p roducing  d e fe c ts  IliA polym erase a lso  a f fe c te d  th e  r a t e  o f 
both  d é n a tu ra tio n  and e x ten s io n  o f denatu red  re g io n s , Siomonov a l , 
( 1974) observed  a comparable e f f e c t  w ith  amine co n ta in in g  compoundsc 
They showed th a t  am in o -ac id s, n u c le o t id e s , and h is to n e s ,  a c c e le r a te d  
th e  r a t e  o f  r e a c t io n  between DNA and form aldehyde. At a low 
c o n c e n tra tio n  RNA polym erase was m ain ly  in  i n i t i a t e d  complexes and t h i s  
may have a f f e c te d  th e  t e r n  c . As th e  c o n c e n tra tio n  was in c re a s e d  th e
Fig .6 7 Effect of e n z y m e  concentration on the intercept  
of the Trifonov e t o l . (1968) plot (ca lf - thym us DNA).
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Formaldehyde m e ltin g  o f calf-thym us DNA, w ith  v a rio u s  c o n c e n tra tio n s  o f  
holoenzyme, was fo llow ed  a t  245 nm, as d e sc rib e d  in  F ig  6 ,1 , The 
enzyne was assay ed  on a ca lf-thym us DNA te m p la te ,
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Fig.6"8 Effect of enzym e concentrat ion on the gradient
of the Trifonov et a i . (1968) plot (ca l f - thym u s  DNA)
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C onditions were as d e sc rib e d  in  F ig  6 .7 .
r a t i o  o f  p r o te in  to  DNA and n u c leo s id e  tr ip h o s p h a te s , and hence th e
r a t io  o f  DNA bound to  i n i t i a t e d  enzyme, in c reased *  T his may have had
an 3J1 c re a s in g  e f f e c t  on th e  g ra d ie n t o f th e  p l o t .  The behaviour o f  th e
in te r c e p t  was more d i f f i c u l t  to  e x p la in , bu t i t  may have r e s u l te d  from
a la g  in  th e  o n se t o f  th e  a c c e le r a t io n  e f f e c t .
This method, in  i t s  p re s e n t form, was f e l t  to  be u n s u ita b le  as  an
a ssa y  fo r  RNA polym erase because th e  m e ltin g  k in e t ic s  w ith  a  sm all
double h e l i c a l  DNA (from  phage T?) was no t ad eq u a te ly  d e sc r ib e d , and
because o f the  p o o rly  understood  e f f e c t s  o f RNA polym erase . However,
s in ce  some o f  th e  e f f e c t s  appeared to  be on th e  l a t e r  s ta g e s  o f
d é n a tu ra tio n , i t  m ight be p o s s ib le  to .u s e  th e  I n i t i a l  k in e t ic s  o f
d é n a tu ra tio n  as an a ssay  f o r  th e  enzyme*
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Appendix 1*
Prograîmne to  a n a ly se  form aldehyde m e ltin g  curve in  term s o f  degree o f
unv/inding, and f i t  d a ta  to  a  s t r a ig h t  l i n e  by th e  method o f  T rifo n o v  e t  a l ,
(1968),
G-FOCAl, 1969
T "FORM. KELTING CURVE"
01.25^ A I, "CD AT START"A 
A "CD AT END"B 
0'1.40' A "TIME INTERVAL"T1
01 .50  A "TOTAL TDiE"T2 
01.55 S T3 = T2-T1
0 1 .6 0  A "NOISE WIDTH"D
01 .70  S S1=0;S S2=0; S S3=0;S 84=0;S 85=0;8 86=0
0 1 .8 0  F X=T1,T1,T3;D0 2 .0  
01 .90  g o to  4 .1
02 .10  A "OD"C
02 .2 0  S n=(B »C )/(B .-A );S  Y2=FL0G(Y1)A^S Z1=2 î^"D/(B“’C)*X;S Z2=1/Z1T2
02 .30  T i : , l - Y l ,"  " ,Y 2 ,"  " ,Z l ,"  " ,X ,l
0 2 .40  DO 3 .0
0 3 .1 0  S 81=81+22
03 .20  S 82=82+22:^12
0 3 .3 0  8 83=83+22+1
0 3 .4 0  S S4=S4+Z2+Xt2
0 3 .50  8 S5=S5+Z2+X+Y2
04 .10  8 01=84+81-83?2
0 4 .2 0  8 02=81+85-82+83
04 .30  8 03=82+84-85+83
04 .50  8 05=03/01
0 4 .70  T ! I ! "GR/1DIENT"04
0 4 .80  T 1 ! 1"INTERCEPT"05
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Appendix 2 .
Programme to  co nvert d a ta  from th e  amino a c id  a n a ly s e r  to  mole 
f r a c t io n  and number o f  amino a c id s  p e r  m olecule o f  p ro te in *
C-FOCAL, 1969
01 .10  T "P. TO CALC. NO. &- MOIE % FROM AA ANAL, " , I
01.15 C P CONVERTS m-Î^IL MOLE FRAG % + NN NF /MOLE, WITH CYS=25
01.21 8 X=0;S Y=0;S A (l)=146;S  A(2)=155;S A (3 H ? 5 ;S  A(4)=133
01.22 S A (5 M 1 9 ;S  A(6)=105;S A (7 H 4 7 |S  A(8)=115;S A(9)=75;S A(l0)=89
01.23 s A (ll)= 117;8  A(12)=149|S a (i3 )= 1 3 1 ; S A (l4 )= l3 l;S  A(15)=181
01.25 8 A (l6 )= l65 ;S  A(17)=204;8 A(l8)=121
0 1 .3 0  T I ,  "LYS ; " , "HIS", I , "ARG", i , "ASP'j I , "THR" », "SEE", I , "GLU", i
01.31 T "PRO",Î , "GLY",' , "ALA",1 ,"VAL",i, "MET",I , "XIEU" ,I , "LEU"
01.32 T l,"T Y R ",l,"P H E ",I,"T R P ",l
01 .40  F N=1,17;D0 2 .0
01 .50  GOTO 3 .1
02 .10  A " "B(N)
02 .20  8 X=X+B(N)
02 .30  S Y=Y+B(N)+A(N)
03 .10  8 P=((25+Y )/(400000-25+A (l8)))
03 .20  S X=X+P ■ •
03 .30  S Y=Y+P+A(18)
03 .40  T MOLE/ NO",i
0 3 .5 0  F N=1,17;D0 3 .7
03.60  QUIT
03.70  T ",100+B(N)/X," ",400000+B(N)/Y ,1
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Appendix 3,
Progranime to  f i t  d a ta  to  a s t r a ig h t  l in e  by th e  le a s t- s q u a re s
m ethod, and c a lc u la te  th e  s tan d a rd  e r r o r  o f  th e  in te r c e p t  and g ra d ie n t,
C-FOGAL, 1969
01ol0  T "PROGRid« TO FIND L .S . LINE Y=A1+B"l
01.20 8 81=0; 8 82=0; 8 83=0; 8 84=0; 8 85=0
0 1 .3 0  A "HOW MANY DATA POINTS DO YOU HAVE"N
01.40  F K=1,N;D0 2 .0
01.50 GOTO 3 .1
02 .10  A "X"X.
0 2 .2 0  A "Y"Y
02.30 S 81=81+X
02.40  8 S2=S2+Xt2
02.50 S S3=83+Y
0 2 .6 0  S S4=84+YT2
02.70 S 85=S5+X+Y , '
03 .10  8 A-N+S2-S1Î2
03 .20  T / , ''A",(N+S5~S1+S3)/A,‘
03 .30  T "B" ,(S2+S3“S1+S5)/A, I
03.40 S B=N+S4“S3t2-(N +S5-Sl+S3)t2/A
0 3 .5 0  T "STANDARD ERROR OF A",FSQT (B /(N -2)+A ) , i
0 3 .6 0  T "ST/ilDARD ERROR OF B" FQST (B+S2/N+(N-2)+A)
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Appendix ko
Programme to  f i t  data to  a quadratic equation using the le a st-  
squares method*
C-POCAl, 1969
0 Ï .1 0 T
01.20 S 1
01 .30 A
01 .4 0 F :
01 .50 GO
02.10 A
02 .20 A
02 .30 S 1
02 .40 S 1
02 .5 0 S
02 .60 S 1
02 .70 3 1
02 .80 S 1
02 .9 0 S 1
03 .10 s ;
03 .20 s ;
03 .3 0 S !
03 .4 0 s  :
03 .50 s ;
0 3 .6 0 s  ;
03 .70 s  :
03 .80 S i
03 .9 0 s ;
03.91 S 1
03.92 s  .
03.93 T ; 159
Appendix 5»
Prograimne to  c o r r e c t  th e  absorbance a t  280 nm o f a p ro te in  fo r  
l i g h t  s c a t te r in g  by l i n e a r  e x tra p o la t io n  o f  lo g  (ab so rb an ce) v lo g  
(w avelength) from th e  320 -  450 ran re g io n  o f th e  spectrum ,
G-FOGAL, 1969
01 .10  T "L .S . im E  I=AX+B,OD 2 8 0 n
01 .20  8 81=0;8 S2=0;S 83=0;8 84=0; 5 85=0
01 .30  A "HOW lAANY DATA POINTS DO YOU HAVE"N
0 1 .40  F K=1,M;D0 2 .0  ,
0 1 .5 0  GOTO 3 .1
02 .10  A "X"X1 
02.15 8 X-FLOG(Xl)
02 .2 0  A "Y"Y1 
02.25 S I=FL0G(Y1)
02 .30  8 S1=8H-X
02.040 S S-S2+XÎ2
02 .5 0  8 83=83+1
02 .60  S 84=84+112
02 .70  8 S5=85+X*Y
03 .10  8 A=N*82-S1T2
03.20  T ,1-, "A", (N:('S5-81%3 ) A ,  I
0 3 .30  T ,(S2-;^S3~S1-Jî-S5)/A,l
03 .40  8 B-N-X-S4-S3 2-(N%S5-81*S3)l2/A
03 .50  Ï  "STANDARD ERROR OF A",FSQT < B /(N -2 )% \> ,  i
03 .60 T "STANDARD ERROR OF B" FSQT (B-X'82/l#(N-2)'X-A)
03 .70  8 C=(N-S5+Sl-''-S3)/A
03 .8 0  8 D=(S2*S3-81*85)/A
03 .9 0  T "OD 280",FEXP ((FIOG(280)-D) /C )
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Appendix 6.
Programme to  c a lc u la te  mean, s ta n d a rd  d e v ia t io n , and s tan d a rd  
e r r o r .
+G-F0CA1,, 1969 
-x
*01 .10  Ï  "PHOGEAM ÏÜ CALC. STAN. DEV.", I 
*01 .20  A "NO. OF POINTS",»
*01 .30  S Y-0 
*01.35 S A=0 
ii01.40 F Z=1,IJ;D0 2 .0
*01.50  I  0 ,"A V ." ,ï/N , i,"S T . DEV.",FSQT(A/ÎJ-(Y/N)Î2)
*01.55 T "ST. D. OP iœAH",(FSQT(A/N-(T/iOT2))/N 
*01.60  QUIT
*02.10  A "X",X 
-Jf02.20 S Y=X+Y 
^'-02.30 S A-Xt2+A
l6 l
Anpendix 7,
C a lc u la tio n  o f  weighting f a c to r  fo r  th e  a n a ly s is  o f  formaldehyde 
m e ltin g  curves*
E rro rs  in  absorbance d e te rm in a tio n s , ÔA, a f f e c t  th e  ex p re ss io n
-  In A -  6A -  Ai i '  ÔA
Af — ÔA •" Ai — Ô A
where A -  absorbance a t  some tim e d u ring  ex p erim en t, 
Ai -  i n i t i a l  abso rbance.
Af ~  f i n a l  abso rbance.
in  th e  a n a ly s is  o f  T rifonov  a l .  (1968).
* • 2 6 A « A f « Ai
-  In
X An.
Af — Ai
A » Ai 
Af » Ai
i
+
26A 
Af -  Ai
2ÔA 
Af -  A
Assuming th e  e r r o r  i s  no rm ally  d is t r ib u te d  th en  th e  weighting f a c to r  fo r
]n A A]. 
Af -  Ai
becomes
25A 
Af -  A
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Appendix
Model for denatured DMA p ro tectio n  o f RNA polymerase a g a in st in a c tiv a tio n  
by methyl acetim id ate .
Assuming th a t both the free  and DMA bound enzyme could be in a c tiv a ted  by 
methyl acetim id ate , then the observed i n i t i a l  ra te  o f  in a c tiv a tio n , a t a 
given DMA concentration , i s  determined by the ra te  o f in a c tiv a tio n  o f the 
free  and DMA bound enzymes. From :
K
1
Ei
ED
Ei
where E, Ei
D, ED
k f , k^
K
then [ e] t  
[E] t  
[D] t
a c t iv e  and in a c tiv e  enzymes r e sp e c tiv e ly
fr e e  and enzyme bound DMA r e sp e c tiv e ly
ra te  constants for  the in a c tiv a tio n  o f  free  and DMA
bound enzymes r e sp e c tiv e ly
observed rate  constant
d is so c ia t io n  constant = [e] [d] /  [}iH] ♦ . 1
k + kg M  
[iS] + [jED]
[D] +  [KD]
#  «  #  2 
. . .  3
... 4
where [e ] t ,  [d ] t ,  = t o t a l  conbentration o f enzyme and DMA r e s p e c t iv e ly
from 2 & 3 , [ED] (k
from 1, 4 , & 5, K
^^2
[El [D] 
[ED]
i d  . [25] . . . 5
[E ]t ~ (k^ -  k p  . [E ]t\ /[D ]t -  (k^ -  k p . p ]
Ik Tk] k p
1 6 3
(k^ -  k^) . [ E ] t
k p(k.
K = ((kg  -  k j )  -  (k^ -  k ^ ) ) ( [D ] t  (kg -  k p  -  (k^ -  k p  [E ]t)
‘'o  -  kg q  " kg k^ -  k^
K (kg -  k^ )(k ^  -  k p  = (kg -  k ^ )( [D ]t(k g  •- k p  -  [E ]t(k^  -  k^)
g   , [E lt  _  M  t
164
REFERENCES
Abral'Uim, K.A, ( l9 ? 0 )  in  " L e p e tit  C o llog . on RNA polym erase and
T ra n s c r ip tio n "  ( S i l v e s t r i ,  L*, ed « ), pp 1 -  9 , N orth H olland P u b l. 
Go*, Amsterdam.*
A dler, K ., B ey reu th er, K*, Fanning, E«, G e is le r ,  N*, Gronenborn, B*,
Iü.emm, A*, M u l l e r - H i l l ,  B ., P fa h l, M. & Schm itz, A. (1972) N ature 
222, 322 -  327,
Anderson, A ,R ,, Walcashima, X* & Coleman, J.E* ( l9 7 5 ) Biochem. 907-917.
Arm strong, V*¥«, S te rn b ach , M* & E c k s te in , F* (1974) FEBS L e tt*  44,  
157-159.
Arnone, A*, B ie r , C * J,, C o tton , F*A*, Day, V.W*, Hasen, E .E .,
R ichardson , D .G ., R ichardson, J*S* & lo n a th . A, ( l9 7 l )  Biol* Chem* 
246, 2302-23160
A ugust, J* , O r t iz ,  P , & Huuvdtz, J .  (1962) J* Biol* Chem* 237, 3786-3793.
Avruch, J e ,  R eynolds, J .A . & R eynolds, J«H* (1969) Biochem* 8 , 1855-1859.
B ab ijie t, Ch* (1970) i n  " L e p e tit C o llog . on RNA polym erase and
T ra n s c r ip tio n "  ( S i l v e s t r i ,  L ., ed») pp 37-45 , North H olland Publ*
Co*, Amsterdam*
Bannikov, Yu*A* & T rifo n o v , E*N* (1969) in  " S tru c tu re  and G enetic
P r o p e r t ie s  o f  Biopol^nrLers, " vo l«2 , 323, K urchatov I n s t i t u t e  o f  Atomic 
Energy, Moscow*
B are la , T*D. & D a rn a ll ,  D*W* (1974) Biochem* 12, 1694-1700»
B a r r e t t ,  K», G ibbs, M., W einer, R*, C alender, R* & B irch , T.L* (1972)
Proc* Nat* Acad* S c i .  (U*8 «A.) 2986-2990*
B a r tle y , J.A* & Ghalkey, R. (1972) J* Biol* Chem* 24%, 3647-3655.
Bass, I*A* & Polonsky, Ju . S. (1974) FEBS L e t t .  48 , 306-309.
}3ates, D,L*, Perham, R.N* & Coggins, J.R* ( l9 7 5 ) Anal* Biochem. in  the
p ress*
B autz, E .K .F . ( l9 7 2 ) P rog , Nucl* Acid Res* 12, 129-160»
B autz, E .K .F, (1973) FEBS L ett*  %6, 123-129.
B autz, E .K .F . & Dunn, J . J ,  (1969) Biochem* Biophys* R es. Commun» 2(b
230- 237 .
165
B e a b e a la a lrr illy , R», Ivanov, V», M nchenkova, L* & S avo tchk ina , L* 
( 1972) B ioGhim. B iophys» Acta 259, 35-40 .
Berg, Do & Cham berlin, MU» (.1970) Biochem* 9^ 5055-5064.
Berg, Do, B a r r e t t ,  K* & Cham berlin, M .l (.1971) Methods Enzymol*, 21 e 
pp 506-519»
B lack, Ao & O rgel, I .E .  (1975) N ature Z56, 383-387*
B la t tn e r ,  F.R* & D ahlberg, J .E . (l9 7 2 ) N ature New B io l ,  237, 227-232*
B oule-G harest, L* & M am et-B ratley, M. (l9 7 2 ) Biochim» Biophys* Acta 
222, 276-279.
Boyd, DoHo, Z i l l i g ,  W* & S c a ife , F.JoG» (1974) Molec* gen. Genet* 1^0,
315- 320 .
Brand, L* & S h a l t i e l ,  S. (1963) Biochim* Biophys» A cta 145-148* 
Brand, L* & S h a l t i e l ,  S* ( 1964) Biochim. B iophys. Acta 88_, 338-351.
Brand, L« & Wit ho I t ,  B. ( 1967) Methods lïhzynol» IJ^ 776-856.
Bremer, H* & Konrad, M.W. ( 1964) Proc* Nat* Acad. S c i .  (U .S .A .) 5I ,  
801-808.
Bremer, H ., Konrad, M.W., G aines, K« & S te n t, G.S* (1965) J .  Mol. B io l.
11, 540- 553 .
B ru fan i, M., C e r r in i .  S .,  F e d e li ,  W. & Vaciago, A. (l9 7 4 ) J .  Mol. B io l.
82, 409-435.
Brun, F . ,  Toulme, J . J .  & H elene, C. ( l9 7 5 ) Biochem, I 4 , 558-563.
B u ll, P . ,  Z a ld iv a r , J . ,  Venegas, A ,, P la r t ia l ,  J .  & V alenzuela , P . (1975) 
Biochem, Biophys. R es. Commun, 6^^ 1152-1158.
B urgess, R, (1969a) J .  B io l. Chem. 244? 616O-6167.
B urgess, R. ( l9 6 9 b ) J .  B io l. Chem. 244, 6168- 6176 .
B urgess, R. ( l9 7 l )  Ann. Rev. Biochem. 42* 711-740.
B urgess, R. & T rav e rs , A. ( l9 7 l )  in  "Procedures in  N ucle ic  Acid R esearch"
(C an ton i, G.L. & D avis, D .R ., e d s . ) ,  v o l .2, pp 851-863, H arper & Row, 
New York.
B urgess, R ., T rav e rs , A ,, Dunn, J . J .  & B autz, E .K .F . (1969) Nature 221,
43- 46 .
166
B u rn e tt, R.M», D a rlin g , G .D., K endall, D ,8 . ,  Le Quesne, M,E», Mayhew, S.G. 
Sm ith, & Ludwig, M.L. (1974) Biol* Chenu 249, 4383-4392.
C arp en te r, F«H. & H arrin g to n , K.T. (l9 7 2 ) J* B io l . Chem* 24Z* 5580-5586*
C a r te r , C.W* à  K rau t, J .  ( l9 7 4 ) Proc* N at. Acad. Sci» (U .S .A ,) 21*
283- 287.
Chadidck, P . ,  P i r o t t a ,  S te in b e rg , PU, Hopkins, N. & P ta sh n e , M.
(1970) G.8.H.S.Q.B, 283-294.
C hakraborty , P .R ., S a rv a r, P . ,  Huang, H»H. & M a itra , Ü, (l9 7 3 ) J .  B io l. 
Chem* 248, 6637-66460
Cham berlin, M.JU (1974^^) in  "The Enzymes" ( Boyer, PUD., e d , ) ,  v o l .10, 
pp 333-374.
C ham berlin, M .J, ( 1974b) Ann. Rev. Biochem. 43* 721-775*
Cham berlin, M .J. & Berg, P. ( 1964) J .  Mol. B io l. 8 , 708-726.
C ham berlin, M .J. & R ing, J .  (1972) J .  Mol. B id. %0, 221-237*
Chao, L. & Speyer, J .  ( l9 7 3 ) Biochem. Biophys. R es. Commun. 5,1, 399-405.
C h e la la , C .A ., H irsch b e in , L. & T o rre s , H.W. ( l9 7 l )  P ro c . N at. Acad. S c i .
(U.S.A.) 6 ^  152- 160.
Chou, P .Y ., A d ler, A .J . & Fasman, G»D. (1975) J* Mol. B io l. 9 ^  29-45*
C lark , So, L osick , R. & P ero , J .  (1974) N ature 252, 21-24*
C lo th ia , C. & J a n in , JU (1975) N ature 2^6, 705-70?.
C ra ig , L,C. & Kj.ng, TUP. ( 1962) Methods Biochem. A nal. 10, 175-199*
C rick , FoH.C. & Klug, A„ (1975) Natm-e 25&, 530-532.
C u a treca sa s , P . ,  Fuchs, S . & A nfinsen , C.B. (1968) J .  B io l .  Chem. 243, 
4787-4798.
C u atrecasas , P . ,  Fuchs, S . & A nfinsen , CUB. ( l9 6 9 )  J* B io l. Chem. 244,
406- 412 .
D ahlberg, J .E .  & B la t tn e r ,  FUR. (l9 7 3 ) Fed, P roc , ^2 , p 664*
D a rlix , J .  ( 1974a) Biochemie 5 ^  693-702.
D a rlix , J .  ( 1974b) Biochemie 5 ^  703-710.
D a r lix , J ,  (1975) Eur, J .  Biochem. _^1, 369-376.
167
D a rlix , J» & D ausse, J .R , (1975) FEBS 50, 214-218*
D a rlix , J .  & Froniageot, P» (l9 7 2 ) Biochemie, 54, 47-54*
D a rlix , J .  & From ageot, F» ( l9 7 4 ) Biochemie, 703-710.
DarDJLx, J» & H o ra is t ,  M. (1975) N ature 2 ^ ,  288-292.
D a r lix , J» , From ageot, P* & R eich, E» ( l9 7 l )  Biochem, 10, 1525-1531*
D avies, G.E. & S ta rk , G.R. (l9 7 0 ) Proc» Nat* Acad* Sci* (BUS,A.) 66  ^
651-6560
D avies, J .  & Jacob , F . (1968) J .  Mol* Biol* 36^ 413-417*
D avis, R.W. & Hyman, R.W. (l9 7 0 ) C.S.H.8.Q.B. ^  269-281.
Dean, W»W. & Lebow lta, J .  ( l9 7 l )  N ature New B iol» 2319 5 -8 .
Dhar, R ., Weissman, S.M. Z ain , B .S ., Pan, J .  & Levds, A.M. (1974) 
N ucleic  Acid Res* 3  ^ 595-614*
Dickson, R.G», A belson, J» , B arnes, W.M. & R ezn ik o ff , M.S. ( l9 7 5 ) 
Science  18[4, 27-35*
D im !co ll, JoL. & H élène, C. ( l9 7 l )  Biochemie 331-345.
DjmiicolJ., J.Lo & H élène, C» (l9 7 5 a ) Biochem. 714-723.
D im ico li, J .L . & H élène, C. (l9 7 5 b ) Biochem. 1^, 724-730.
Domingo, E .,  Escam d.s, G. & W arner, R.G. (1975) J* B io l .  Ghem, 250,
2866-2871.
Dovmey, K.M. & So, A.G. (l970) Biochem. 9, 2520-2525.
D uffy, J . J .  & G eiduschek, E .F . (1975) J .  B io l. Ghem. 250, 4530-4541*
Dunn, J ,  & S tu d ie r ,  F.W. (1973) P ro c . N at. Acad. S c i .  (U .S .A .) 22 , 
1559-1563.
Durand, M., M aurizo t, J .C . ,  Borazan, H.N, &, H elene, C. (1975) Biochem< 
14, 563-570.
Dworschack, R ., T a rr , G. & P lap p , B.V. (1975) Biochem. 14,  200-203.
E lsw orth , R ., M il le r ,  G.A., W hitaker, A .R ., h i tc h in g , D. & S ayer, P.D,
(1968) J .  A pplied  Chem, 18, 157-166.
Englund, P .T ., Huberman, J .A . ,  Jo v in , T.M. & K ornberg, A. ( l9 6 9 ) J .  B io l. 
Chem. 244,  3038- 3044*
168
Fanning, T.G. (1975) Biochem» 14, 2512-2520.
Feldnan, M.Ya. (l9 7 3 ) Prog» Nucl» Acid Res» 4?^ l~50o
Fernandez-D iez, M .J», Osuga, D*T, & Feeney, R.E, (1964) Arch. Biochem. 
Biophys® 1P2, 449-458*
F raen k e l-C o n ra t, H. (l9 5 4 ) Bioclnun» Biophys. A cta, I4 , 307-309*
F reish e im , J .H , & Huennekens, F.M. (l9 6 9 ) Biochem. g , 2271-2276»
F reish e im , J .H . ,  Walsh, K.A. & Nem-ath, H» (1967) Biochem. 6, 3010-3019*
F r is c h a u f , A.M. & S c h e it ,  K.H» ( l9 7 3 ) Biochem. B iophys. R es. Commim, 52f
1227- 1233 .
F u j ik i ,  H. & Zurek, G. (1975) FEBS L ett»  ^  242-244.
F u jjjn o ri, H ., O h n ish i, M. & Hiromi, K, (1974) J* Biochem. (Tokyo) 75, 
767-777.
Fulcuda, R. & Ish iham a, A. (1974) J  * Mol. B io l. 8%, 523-540.
Gabbay, E . J . ,  S anfo rd , K. & B ax te r, C .S. (1972) Biochem. IjL, 3429-3435* 
Gabbay, E . J . ,  S anfo rd , K ., B ax te r, C .S, & K apicak, L„ (1973) Biochem. 12,
4021- 4029 ,
G érard , G ., Johnson, J ,  & B oezi, J .  ( l9 7 2 ) Biochem. H ,  989-997,
Giaoomoni, P .U ., Le T a la e r , J .Y . & Le Pecq, J .P .  (1974) P ro c , N at. Acad. 
S c i ,  (U .S .A .) 21 , 3091- 3095 ,
G off, C. ( 1974) J ,  B io l. Chem. 242, 618I - 6I 9O.
G off, G. & Weber, K. (l9 7 0 ) G .S.H .S.Q .B . 101-108,
G oldberg, A. & H nnvitz , J .  ( l9 7 2 ) J .  B io l. Ghem. 247j 5637-5645,
G oldberg, I .  & R eich, E. (1964) P rog . N ucl. Acid R es. 2* 183-234*
Golomb, M, & Chamberlnaij M .J. ( l9 7 4 ) J» B io l, Chem. 219» 2858-2863*
Gottesm an, M.E. & W eisberg, R.A. ( l9 7 l )  in  "The B acteriophage Lambda" 
(H ershey, A .D ., é d . ) ,  pp 113-138, Gold Spring  Harbor L ab o ra to ry ,
New York.
Green, N.M. ( 1963) Biochem. J ,  8£, 599-609*
Green, N.M. & W itkop, B. (1964) T rans. N.Y. Acad. S c i. S e r . I I ,  26, 
659-669,
G re e n f ie ld , N. & Fasman, G.D. (1969) Biochem. ^  4108-4116.
169
Gros, F» (X974) FEBS L e t t .  / . ^  (supp lem ent), 519-526»
Gurd, F«R.N. (1967) Methods Enzymol» IJU 532-541°
Habeeb, A» (1972) Methods Enzymol» 2 4 (B ), 457-463°
Hand, LUS» & Jen ck s, W*P, (1962) J .  Amer. Chem. Soc, 84, 3505®
H arding, J .D . & Beychok, 8 . ( l9 7 4 ) F ro c , N at. Acad. S o i. (U .S .A .) 21, 
3395-3399.
Hardman, J .K . & Yanofsliy, C. (1965) B io l. Chem. 240, 725-732. ■
Haupt, G.W. ( 1952) J .  R es. N at. Bur. S td . 4&  414-423.
H ayashi, T ., Im oto, T ., F unatsu , G», Funat.su, M. (1965) J .  Biochem. 
(Tokyo) 48,  227.
H e il, A. & Z il l ig ,  ¥ . (1970) FEBS L e t t .  11, 165-168.
H élène, C. (1971 ) N ature New B io l. 23^, 121-122.
H élène, C ., D im ico li, J .  & Brun, F. ( l9 7 l )  Biochem, 10, 3802-3809.
Heyden, B ,, N u ss le in , C. & S c h a l le r ,  H. (l9 7 5 ) E ur. J .  Biochem, 55j
147- 156 .
Himmelhoch, S .R , ( l9 7 l )  Methods Enzymol. 22, 273-286.
Hilnlcle, B.C. & Cham berlin, M .J. ( l9 7 0 ) G .S.H .S.Q .B . 65-72.
H ink le , D .C .& C ham berlin, M.J» (l9 7 2 a) J .  Mol. B io l . %0, 157-185*
H ink le , D.C.& Cham berlin, M .J. ( l9 7 2 b ) J .  Mol. B io l. gO, 186-195.
von H ippel, P.H.& McGhee, J ,  ( l9 ? 2 )  A n n .'Rev. Biochem. 231-300. 
von H ippel, P.H . & Wong, K.Y. ( l9 7 l )  J® Mol. B io l. 6I ,  587-613»
H irs , C.H.W., Halmann, M. & K ycia, J .H . (1965) A rch. Biochem. Biophys.
111, 209- 222 .
Hodges, R .S. & M e r r if ie ld ,  R.B. (l9 7 4 ) I n t .  J .  o f  Pept .  and P ro t .  Res,
6, 397- 406 .
Hopkins, J .D . (1974) J® Mol. B io l. 8%, 715-724.
H ugli, T .E . & S te in ,  W.M. ( l9 7 l )  J® B io l. Chem. 246, 7191-7200.
Hummel, J .P ,  & D reyer, W.J. (1962) Biochim. B iophys. Acta 530-532, 
H unter, M .J. & Ludwig, M.L. (1972) Methods Enzymol. 2^^ 585-596.
170
Im oto, To, Johnson, L .N ., N orth , A .G.T ., P h i l l i p s ,  D.G* & Hupley, J .A .
( 1972) i n  "The Knsymes" (Boyer, P.D . ed o ), v o l .7 ,  PP 665-86)8,
Academic P re s s , New York*
Ishiham a, A. ( l9 7 2 )  Biochem. 11^ 1250-1258»
Ishiham a, A, & H u rm tz , J .  (1969) J* B io l. Chem. 244,„ 6680-6689.
Ishiham a, A. & I t o ,  K. ( l9 ? 2 )  J .  Mol. B io l. 111-123.
Ishiham a, A ., Fnîa.ida, R. & I t o ,  K. (1973) J® Mol. B io l. 22j > 127-136.
I t o ,  Ko & Ish iham a, A. (1973) 01 Mol. B io l. 2%  115-125,
Iw akura, Y ., Ishilnama, A. & Yura, T. ( l9 7 3 ) Molec. gen. G enet. 121^ 
181- 196.
Iw k u ra ,  Y ., Fukuda, R. & Ishiham a, A. (l9 7 4 ) J .  Mol. B io l .  83^ 369^378.
Jacobsen , A. & G il le s p ie ,  D. ( l 9 ? l )  Biochem. B iophys. R es. Commun. 44*
1030- 1040.
Jacobsen , J .  & Wang, J .C . (1973) Biochi.m. B iophys, Acta 335^ 49-53°
Jonker, L .S . & Blok, Joh . ( l9 7 5 ) N ature 215, 245-247*
Kassab, R ., Fattoum , A. & P ra d e l, L.A. (l9 7 0 ) E ur. J .  Biochem, 12^
264- 269 .
Itawashima, S. & Toshio , A. (1969) I n t .  J .  P r o t .  Res. 4 ? 185-191.
K erjan , P. & S zu lm aster, J .  (1974) Biochem. B iophys. Res. Commun. 59,
IO79-IO87,
IHiesin, R .B ., M indlin , S .Z .,  I ly in a ,  T .S ., O rad is , M .I. & G orlenko, Zh.M,
( 1971) Mol. B io l, ^  862-877.
Kim, S .H ,, Sussman, J .L * , Suddath, F .L ., Q uig ley , G .J . ,  McPherson, A ., 
Wang, A .H .Jo, Seeman, N.C. & R ich, A. (l9 7 4 ) P ro c . N a t. Acad. S c i.
(U .S .A .) 21, 4970- 4974 .
Kimhi, V. & L i t t a u e r ,  U. (1968) J .  B io l. Ghem. 243, 231-240.
King, A.M.Q. & N icholson , B.H. ( l9 7 l )  J .  Mol. B io l .  62, 303-319.
King, A.M.Qe, Lowe, P.A . & N icholson , B.H. ( 1974a) Biochem. Biophys. R es. 
Commun. 99j 38-43°
King, A.M.Q., Lowe, P.A . & N icho lson , B.H. (l9 7 4 b ) Biochem. See. T ran s . 2^  
76-78.
171
K itano , Y» & Kameyama, T» (1969) Biochemo 6g, 1-16»
K leppe, R» & Khorana, H„G® (l9 7 2 ) J» Biol» Chem» 2^2; 6149-6156»
Kosaganov, Yu. N ., Zarudnaya, LukoYkin, G.Mo, I^//.urltlB, Yu.S. &
Frank-K am enetskii, M.D. (1969) in  " S tru c tu re  and G enetic  P ro p e r t ie s  
o f  B iopolym ers" v o l .2, p 337, Kurchatov I n s t i t u t e  o f Atomic Energy, 
Moscow, 1969»
Kosaganov, Yu» N», Zarudnaya, M .I ., Lazuz'kin, Yu.S*, Frank-Kam enetskil, M.D®, 
B ea fo e a la sh v llli, R .Sh. & Sovochkina, L .P , ( l9 7 l )  N ature New Biol»
231, 212- 214»
Krakow, J® ( l9 6 6 ) Fed, P ro c , 2g, p 275*
Ki'akow, J ,  ( 1973) Fed® P ro c , P 645,
Krakow, J ,  (1974) Biochem, 1^, 1101-1105,
Krakow, J ,  & von dor Helm, K. ( l9 7 0 ) C .S .H .S.Q .B . ^  73-84 .
Krakow, J ,  & K a rs ta d t, M, (196?) P ro c , N at, Acad, S c i .  (U .S .A .) 5 ^
2094-2101 ,
K rause, J . ,  Bülmer, M. & Sund, H. (l9 7 4 ) Eur. J .  Biochem. 44^ 593-602.
Kronnian, M .J., R obbins, F.M. & A n d re o tti , R.E. ( 1967) Biochim, B iophys,
A cta 142* 462- 472 .
Kumar, S.A, & Krakow, J .S .  ( l9 7 5 ) J .  B io l. Chem. 2gO, 2878-2884.
L arsen , D ., Lebow itz, P . & Weissman, S.M, (l97Q) G .S.H .S.Q .B . 21* 35-46 .
I^yne , E . ( l9 5 7 ) Methods Enzymol. 3  ^ 451-454*
la z u r k ln ,  Y u ,S ., F rank-K am enetsk ii, M.D® & T rifo n o v , E.N. (l9 7 0 ) B iopo l.
2 , 1253- 1306 .
Leboivitz, P . ,  Weissman, S.M. & R aid ing , C,M, ( l9 7 l )  J .  B io l. Chem. 246, 
5120-5139. '
Leiig, M, & F e ls e n fe ld , G. (1966) P ro c . Wat, Acad. S c i .  (U .S .A .) J6 ,
1325- 1332.
Lewin, B. ( l9 7 4 ) C e l l ,  2 , 1 -7 .
L i l l ,  H.R. & Hartmann, G.R. (1975) E ur, J .  Biochem. 54, 45-53 .
B i l l ,  U .I . ,  B ehrendt, E.M. &. Hartmann, G.R, (l9 7 5 ) E ur. J .  Biochem. 5 ^  
411-420.
L ille h a u g , J .R . ,  K leppe, K ., S ig e l l ,  C.W.& Kupchan, S.M. (l9 7 3 ) Biochim. 
B iophys, Acta 327* 92-100.
172
l i u ,  J .K . & Dunlap, R.B, (l9 7 4 ) Biochem» 13, 1807-1814®
L.1U, T.Y. ( 1972) Am. Ghem. Soc. N a tio n a l M eeting, Symposium on Ajidno- 
 ^ Acid A n a ly s is , B oston.
Lochhead, D.S. ( l9 7 l )  Ph.D. T h es is , Glasgow U n iv e rs ity , U.K.
L osick , Ro ( 1972) Ann. Rev. Biochem. 41/ 409-447=
Lowe, P.A,(l974) Ph.D . T h e s is , Reading U n iv e rs ity , U.K.
Lowry, O .H ., Rosenborough, N .J . ,  F a r r ,  A.L, & R an d a ll, R .J . ( l9 5 l )
J .  B io l. Chem. 193, 265-275.
Lubin, H. (l9 6 9 ) J= Mol. B io l. 39^ 219-233.
Ludvdg, M.L. & H unter, M .J. (1967) Methods Ensymol. 595-605.
M ahler, H.R. .& C ordes, E.H . ( 1966) "B io g ica l C h em stry , " H arper & Row,
New York.
M aitra , U. & H urvdtz, J .  (1965) P ro c . N at. Acad. S c i .  (U .S .A .) 5.4/ 815" 
822.
M aitra , U ., N akata, Y. & H urw itz, J .  (1967) J= B io l .  Chem. 242» 4908-4918.
Malchy, B« & K aplan, H. (l9 7 4 ) J= Mol. B io l. 82, 537-545=
Malcolm, A .D .B ., M itc h e ll ,  G .J . & Wasylyk, B. (1975) N ucleic  Acid R es.
2, 537-544.
Mangel, W.F. (1974) Arch. Biochem. B iophys. l6 3 , 172-177=
Mangel, W.F. & Cham berlin, M .J. (1974-a,) J .  B io l. Chem. 249, 2995-3001
Mangel, W.F. & Cham berlin, M .J. ( l9 7 4 b ) J .  B io l. Chem. 249, 3002-3006.
Mangel, W.F. & C ham berlin, M .J. ( 1974c) J .  B io l. Chem. 249* 3007-3013 =
M an ia tis , T ., P taslm e, M., B a r r e l l ,  B.G. & Donelson, J .  (1974) N ature
23g , 394-397.
M arkeley, J .L .  & Ja rd e tsk y , 0 . (1970) J .  Mol. B io l. 52/ 223-234*
M arte lo , O .J . ,  Woo, S .L .,  Reimann, E.M. & D avie, E.W. (l9 7 0 ) Biochem, £ /
4807-4813.
M arte lo , O .J . ,  Woo, S .L . & Davie, E.W. (1974) J .  Mol. B io l. 8%, 685-696.
Matsu^ '^-ama, A. & N agata, C. ( l9 7 0 ) Biochim. B iophys. A cta 224, 588-596. 
î'iaurer, R ., M an ia tis , T. & P ta sh n e , M. (1974) N ature  249/ 221-223.
173
McGee, J.D» & von H ippel, P.H . (1975a) Biochem. 14, 1281-1296®
McGee, J.D® & von H ippel, P.H . (l975b) Biochem. I 4 , 1297-1303®
Means, G»E® & Feeney, R.E® ( l9 7 l )  "Chemical M o d ific a tio n  o f P r o te in s ,"  
Holden-Bay I n c . ,  London.
Mehrota, B. & Khorana, H.G« (l9 6 5 ) J® Biol* Chem. 24O, 1750-1753=
M eilhac, M® & Ch.am.bon, F« (1973) Eur® J .  Biochem. 3 5 s 454-463®
MelLijig, Jo & A tkinson, A® ( l9 ? 2 )  J .  Appl* Chemo B iotechnol»  22, 739-743°
MLkulski, AoJ®, B ardas, T.J®, C hakraborty , P . ,  Kalman, T.I® & ZsJjodely, A.
( 1973) Biochim. Biophys® Acta 31&  294-303°
Moore, S . & S te in ,  W*Ho (1973) S cience  ISO, 458-464*
M orita , F» (l9 7 4 ) Biochim® Biophys» Acta 343* 674-681»
M o rita , F . ,  Yoshino, H. & Yazawa, M. (1973) in  "O rg an isa tio n  o f  Energy 
T ransducing  Membranes" (Nakao, M. & P acker, L®, e d s . ) ,  pp 167-179, 
Tokyo U n iv e rs ity  P re s s , Tolcyo*
H u lle r -H i l l ,  B ., Crapo, L. & G ilb e r t ,  W. (1968) Proc* N at. Acad. S c i .  
(U .S .A .) 59,* 1259- 1264 .
M urthy, M. & Leroux, Ï .  (1975) A nal. Biochem. 64, 18-29 .
N a ito , S. & Ish iham a, A. ( l9 7 3 ) Biochem. B iophys. R es. Commun. 51/ 323-330.
N akan ish i, S .,  Adhya, A ., Gottesm an, M. & P a s tan , I .  ( l9 7 4 ) J .  B io l.
Chem. 242/ 4050-4056.
Naumann, C .F, & S ig a l ,  H. (1974) FEBS L e t t .  4%, 122-126.
N eal, M.W. & F lo r in ! ,  J .R . (1973) A nal. Biochem. j 5 /  328-330.
N icho lson , B.H. ( l9 7 l )  Biochem. J .  123* 117-122.
N icho lson , B.H. & King, A.M.Q. (1973) Eur. J .  Biochem, ^7/ 575-584*
N ile s ,  E.G. (1974) Biochem. 1^* 3904-3912.
N ishim ura, S .,  Jacob , T. & Khorana, H.G. ( 1964) P ro c , N at, Acad, S c i .  
(U .S .A .) 52,  1494- 1501 .
N ishim ura, S . ,  Harada, F . & Ik e h a ra , M. (l9 6 6 ) Biochim, B iophys, Acta 129,
301- 309 .
Nixon, J , ,  Spoor, T ., Evans, J ,  & K im ball, A. ( l9 7 2 )  Biochem. 4 I*
4570- 4572 . .
174
N iyog i, 8 .E . & Underwood, B.H. (1975) J® Mol. B iol* 94» 527-535°
Novak, RoL® & Dohnal, J» (l9 7 3 ) N ature New Biol® 243, 155-157°
Novak, RoL« & Dohnal, J« (1974&) N ucle ic  Acid R es. 1, 753-759=
Novak, RoLo & Dohnal, J .  ( l9 7 4 b ) N ucle ic  Acid R es, 1 , 761- 766*
Novak, R.L. & Doty, P . ( l9 7 0 ) Biochem® %  1739-1743»
Novak, R.L*, B an e rjee , IL , Dohnal, J „ , Abayang, N. & D a jan i, Z. (1974) 
Biochem. B iophys. Res* Commun, 833-837°
■Oda, T. & Takanaimi, M. (1972) J .  Mol. B io l. %1, 799-802.
Ohshiîtia, I . ,  Horixichi, T. & la n ag id o , M. (1975) J .  Mol. B io l, g l ,  515-520,
Oudet, P . ,  G ro ss-B e lla rd , M. & Chambon, P . (1975) C e ll 4 , 281-300.
P a lau , J ,  & P ad ros, E. (1975) Eur. J .  Biochem. 555-560.
Palm, P . ,  Boyd, D ., Grampp, B. & Z i l l i g ,  W. (l9 7 4 ) E u r. J .  Biochem. 52j 
283-291°
Fanny, S .R ., H e il, A ., Mazus, B ., Palm, P . ,  Z i l l i g ,  W., M ind lin , S .Z .,  
I ly in a ,  T .S . & lü ies in , R.B. (1974) FEES L e t t .  48/  241-245°
P a te l ,  J .D . ( 1975) Biochem. ^  1057-1059.
P e te r s ,  G.G, & Haywood, R .S . (1974^) Biochem. B iophys. Res. Commun*
61, 809- 816 .
P e te r s ,  G.G* & Haywood, R .S . ( 1974b) E ur. J .  Biochem* 4&  199 =
P e t t i jo h n ,  D. & Kamiya, T. (1969) J* Mol. B io l. 29, 275-295.
P e t t i jo h n ,  D ., S to n in g to n , 0 . & Kossman, C ., ( l9 7 l )  N ature 228, 235-239. 
P ie c z e n ik , G ., B a r e l i ,  B.G, & G e fte r , M.L. (1972) A rch. Biochem. B iophys.
152 . 152- 165 .
P i l z ,  I« ,  Kratîqy, 0 . & Rabussay, D . '(1972) E ur, J .  Biochem. ^  205-220, 
P l a t t ,  T ., F i l e s ,  J .G . & Weber, K. ( l9 ? 3 )  J .  B io l, Chem. 248,  110-121. 
P o ison , A. ( 1973) P rep , Biochem, 3 / 403-408.
Pongs, 0 . ( 1970) Biochem, 9 , 2316-2322,
P o n trem o li, S ,,  G raz i, E. & A cco rsi, A, ( 1966) Biochem. J_, 3568-3574° 
P o u los, T .L , & P r ic e ,  P,A. ( l9 7 l )  J ,  B io l, Chem, 246 , 4041-4045=
Pribnow, D, (l9 7 5 ) P ro c , N at. Acad. S c i, (U .S .A .) %2f 784-788,
175
Rabussay, D» & W. (1969) FEBS L e t t .  ^  104-106.
R e ilan d , J .  ( l9 7 l )  Methods Enzymol® 22, 287-321.
Rexer, B®, Srinj^vasan, ?« k  Z i l l i g ,  W® (l9 7 5 ) E ur, J .  Biochem® 53/ 
271- 281.
R eynolds, J .A . & ïa n fo rd , C. ( l9 7 0 ) J .  B io l. Chem* 245a 5161-5165» 
Reynolds, J.H* (1968) Biochem® J* 3131-3135*
R ezn ik o ff, W» (l9 7 2 ) /uin* Rev. Genet* 6, 133-156.
Rhodes, G® & Cham berlin, M.J* (1974) J® Biol» Chem, 24,9/ 6674-6683. 
R ichardson , J .P ,  (1966) P ro c . N at, Acad, S c i ,  (U .S .A .) _55/ I6 l6~ l623c 
R ichardson , J .P ,  ( l9 7 0 ) J ,  Mol. B io l, 235-240.
R ichardson , J .P .  (1973) J* Mol. B io l, 2 ê j  703-714°
R iva, S . & S i l v e s t r i ,  L» (1972) Ann, Rev, M ic ro b io l. 26  ^ 199-224.
Roach, P . ( 1972) Ph.D. T h es is , Glasgow U n iv e rs ity , U.K.
R o b erts , J .  (1969) N ature 224, 1168-1174.
R o b ertas , J .D .,  ia d n e r ,  J .E , ,  F inch , J .T , ,  Rhodes, D®, Brown, R .S ., 
C lark , BcPoC, & Klug, A, (1974) N ature 24Qg 546-551.
Rosenberg, M,, Kramer, A.R. & S t e i t s ,  J .A . (l9 7 4 ) J» Mol. B io l. 89, 
777-782.
Rosenberg, M., Weissman, S. & Decrombrugghe, B. (1975) J .  B io l. Ghem, 
250, 4755-4765.
Rossman, M.G., Moras, D. & O lsen , K.W, (1974) N ature  250, 194-199=
Ruet, A ,, S en tenac , A ,, Simon, E . J . ,  Bouhet, J .G . & From ageot, P , ( l9 7 3 ) 
Biochem. 12/ 2318-2324.
S a g a r-S e th i, V, ( l9 7 l )  P rog , in  B iophys, & Molec. B io l .  2^, 67-101,
S a n te l la ,  R.M, & L i, H .J . (1974) B iopo l. l ^ ,  1909-1926.
S a u c ie r , J.M. &. Wang, J .G . (1972) N ature New B io l, 239, 167-170,
S a u c ie r , J .M ,, F e s ty , B, & Le Pecq, J .B , (1971&) Biochemie 969-972,
S a u c ie r , J .M ., F e s ty , B. & Le Pecq, J .B . ( 1971b) Biochemie 53/ 973-980,
Schachner, M. & Z i l3 ig ,  W. ( l9 7 l )  E ur. J .  Biochem, 22/ 513-519.
S ch afe r, R. & Z i l l i g ,  W, (1973a*) E u r. J .  Biochem. 33/ 201-206.
176
S ch afe r, R, & Z i l l i g ,  W® ( 197.3b) Bur* J* Biochem* 33; 207-214»
S ch a fe r, R* & 2 il3 J.g , W® ( 1973c) Bur® J* Biochem* 23/ 215-226.
S ch a fe r, R®, Kraiaer, R, Z i l l i g ,  ¥» & Cudny, H. (1973) Bur» J* Biochem.
40, 367-373°
S c h a ffn e r , ¥® & Weissmann, G, (1973) A nal. Bio chem* 56.? 502“ 514e
S c h a lle r ,  H®, N u ss le in , C ., B onhoeffer, F .J * , Kurz C* & Nietzschm ann, I*
( 1972) Bm% J .  Biochem* 26, 474-481.
S c h a lle r ,  Gray, C, & Hermann, K* (1975) Proc* N at. Acad* S c i .  (U .S .A .)
22 , 737- 741°
Schm ir, G.L. & Cohen, L.A. ( 196I )  J .  Amer. Chem. Soc. 83/ 723°
Schw eiger, M,, H e r r l ic h , P . & M ll le t te ,  R. (1971 ) J» B io l, Chem, 246 ,
6707- 6717=
S c ru tto n , M .C., Vlu, G.W. & G old thw ait, D.A. ( I 9 7 l)  P ro c , N a t. Acad, S c i ,  
(U .S .A .) 68, 2497- 2501 ,
S ea rs , D.W, & Beychok S. (1973) in  "P h y sica l P r in c ip le s  and Techniques o f  
P ro te in  C hem istry" (Leach, S . J . ,  e d . ) ,  v o l.G , pp 446-593/ Academic 
P re s s ,  New York.
S e i f e r t ,  W., Qasba., P . ,  W alte r, G ., Palm, P . ,  Schachner, M. & Z i l l i g ,  W.
(1969) Bur. J .  Biochem. 9 , 319-324°
S e i f e r t ,  W., R ain ssay , D..& Z i l l i g ,  W. ( l9 7 l )  FEBS L e t t .  3 ^  175-179.
S ekiya, T. & lü iorana, H.G. (1974) P ro c . N at. Acad. S c i .  (U .S .A .) 21/ 
2978-2982.
S ek iya , T . ,  van Ormondt, H. & Khorana, H.G. (1975) J. B io l. Chem. 250/ 
1087- 1098.
S e l l i n i ,  H ., M aurizo t, J .C . ,  D im ico li, J .L .  & H elene, G. (l9 7 3 ) FEBS L e t t .
22 ,  219- 224 .
S id d h ik i l ,  C ., E rb s to e sz e r , J .  & Weisbum, B. (1969) J .  B a c t e r i d .  99a
151- 155°
S in e , H.E. & Hass, L .F , (1969) J .  B io l. Chem. 244, 430-439.
Siomonov, V.V., Semin, Yu, A ., Suminov, S . I .  & P overenny i, A.M. (1974)
Mol. B io l. 39, 527- 532.
S lu y te m a n , L.A.A. ( 1962) Biochim. B iophys. Acta 60, 557-561.
177 .
Sm ith, D .A ., R a t l i f f ,  R ., W illiam s, D. & M artin ez , A* ( l9 6 ? )  J* B io l. 
590- 595.
Smâ-th, D J u ,  M artin ez , A»M. & R a t l i f f ,  R .L. ( l9 7 l )  J® Mol. Biol* 60/ 
395- 400. .
Smith D*J. Maggio, E.T» & Kenyon, G.L. (1975) Biochem® 14, 766-77].,
vSobel, H,Mo ( 1973) Progo i n  N ucl, Acid R es, and Mol « B io l, 13, 153-190.
Spande, T ,F , & W itkop, B, (1967) Methods Enzymol, 4 I ,  498-532.
Spande, T,F«, W itkop, B», Degani, Y, & P a tc h o rn ik , A* (l9 7 0 ) Adv. P ro te in  
Chenio 97-260.
Spiegelm an, G.B* & IV hiteley, H„R, (1974) J= B io l, Chem* 2499 1476-1482*
S p itn ik , P . ,  l i p s h i t z ,  R, & C hargaff, E, (1955) J ,  B iol* Chem, 215s 
765-775.
Spoor, T .G ,, P e rs ic o , F*, Evans, J* & K im ball, A ,P , (l9 7 0 ) N atu re , 22%, 
57-59 .
S q u ire s , C*L«, Lee, F*D. & Yanofslqy, G, (1975) J .  Mol, B io l, 92, 93-111. 
S tead , N* & Jones, 0* (1967) Biochim, Biophys, A cta 145/ 679-685» 
S te in e r t ,  P ,M ., B a lig a , B*S* & Munro, H,N, (l9 7 4 ) 4 n a l ,  Biochem, 59/
416—4258
S te i t z ,  A, & S c h e it ,  K.H, (1975) Eur. J» Biochem, _5Q/ 343-350,
S te n d e r, W,, S tu t s ,  A,A, & S c h e it ,  K,H, (1975) E u r, J ,  Biochem, 5^/
129- 136 .
S t e t t e r ,  K ,0, & Z i l l i g ,  W, (l9 7 4 ) E ur, J .  Biochem, 4&  527-540»
S tev en s, A. (l9 7 5 ) Biochem. Biophys, Res* Commun* 45/ 442-446.
S t r a a t ,  P. & T s 'o , P .O .? . (1969) J» Biol* Chem* 244/ 6263-6269*
Takanami, M,, Okamoto, T. & S ugu ira , M. (1971) J ,  Mol. B io l. 6 ^  81-88.
Le T a la e r , J .Y .,  K erm ici, M, & Je a n te u r , Ph, (1973) P ro c . N at, Acad, S c i, 
(U .S .A .) 7O/ 2911- 2915 .
T anford , C, & R o b erts , G.L, ( l9 5 2 ) J .  Amer*. Chem, Soc. 74u 2509-2515»
T eras, T ., D ahlberg, J .  & Khorana, H.G. (1972) J .  B io l, Ghem. 247,
6157- 6166.
Thomas, C.A, & Abelson, J .  ( 1966) in  "Procedures in  N ucleic  Acid
R esearch ,"  (C an ton i, G .L ., & D avies, D .R ., e d . ) ,  553-562, H arper 
& Row, New York and London*
178
T jia n , R* & L osick , R. ( l9 7 4 ) Proc» N at. Acad. Sci* (U .S .A .) 74/
2872-2876.
Toulcie, J . J o ,  C h a r l ie r ,  M® & H elene, C® (l9 7 4 ) P ro c . Nat» Acad. Sci® 
(U .S .A .) 21/ 3185-3188.
T rav e rs , A» (1971) N ature New Biol» 229, 69-74
T rav e rs , A. ( 1974a) C e ll 2 / 97-104.
T rav e rs , A. ( 1974b) in  "B io ch em stry  o f  N ucleic  A c id s ,"  B iochem istry  
s e r ie s  one, v o l . 6, pp 119-219, B u tte rw o rth s , London»
T rav e rs , A* (1974c) "T ra n sc r ip tio n  o f  DNAf Oxford U n iv e rs ity  P re s s ,
London.
T rav e rs , À» (l9 7 4 d ) Eur. J .  Biochem. 47/ 435-441.
T rav e rs , A. (1975) FEBS L e t t .  53/ 76-79.
T rav e rs , A* & Buckland, R. (1973) N ature New B io l. 243, 257-260.
T rav e rs , A ,, B a i l l i e , D.L. & Pederson , S. (1973) N atu re  New B io l» 243,
161- 163.
T rifo n o v , E .N ., Shafranovskaya, N.N», Frank“-Kam.enetsld.i, M.D, & 
la z u rk in , Yu.S. (1968) Mol. B io l .  2 , 887-897.
T *sa i, C», J a in ,  8.0» & S o b e ll, H»M. (1975) P ro c . N at. Acad. S c i. (U .S .A .) 
2& 628- 632.
Utiyama, H» & Doty, P . ( l9 7 l )  Biochem. 10, 1254-1264.
Venegas, A ., M a r tia l ,  J .&  V alenzuela , P . (1973) Biochem. Biophys. R es. 
Commun» 55; 1053-1059.
Vogt, V. (1969) N ature 22g/ 854-855°
Waley, S.G. & Watson, J .  (1953) Biochem. J .  105, 1203-1207.
W alker, J .F ,  ( 1964) "Form aldehyde," Van N ostrand-R einhold  C o., London.
W alter, G ., S e i f e r t ,  W. & Z i l l i g ,  W. (1968) Biochem. B iophys. Res.
Commun» gO, 240-247.
Ward, D» & Reich, E. (1972) J .  B io l, Ghem, 24%, 705-719.
W aring, M.J» (1965) Mol. Pharm acol. 1 -13 .
Warwick, P .E .,  D»Souza, L. & F re ishe im , J .H . (1972) Biochem. 11/
3775-3779.
179
Watson, J® & C rick , F , (.1953) N ature 1?1, 736-738.
V/atenpaugh, K«D*, S le k e r , L»G, & Jensen , L«H* ( l9 7 3 ) Froc* Nat* Acad* 
Scie (U.S.A.) 22, 3851-3860.
Weber, K ., P r in g le ,  J .R . & Osborn, M. ( l9 7 2 ) Methods Enaymol. 26 ( c ) ,  
3 -2 7 .
W etlau fe r, D.B. (1962) Adv, in P r o t .  Chem. 1%, 303-390.
W iclmer, W. & K ronberg, A. ( l9 7 4 ) Proc® N at, Acad. S c i .  (U .S .A .) 24; 
4425 .
W illiam s, M .N .  (l9 7 5 ) J® B io l .  Chem. 2§0, 322-330.
W itkop, B. ( 1961) Adv» Prot® Chem. 16, 221-321°
Witzemann, V ., K o b e rs te in , R ., Sund, H®, Rasched, I®, J o rn v a l l ,  H. & 
Noack, K® ( 1974) Bur. J .  Biochem. 42; 319-325=
Wood, G.C. & Cooper, P .F . ( l9 7 0 ) Chromatog. Rev® 12, 88-107*
Wu, Co & G old thw ait, D.A. (1969a) Biochem® 8 , 4450-2(458®
Wu, G® & G oldthv/ait, D.A» ( 1969b) Biochem, 8/  4458-4464°
Wu, C. & Wu, F , (1973a) Biochem® 1_2, 4320-2,348.
Wu® F® & Wu, C. ( 1973b) Biochem. 12, 4349-2+355.
Wu, Fo & Wu, C. ( 1974) Biochem, 13/ 2562-2566.
Tang, H.L, & Zubay, G. (l9 7 4 ) Biochem. Biophys. R es. Commun® 5j^,
725-731.
Yarbrough, L. (1973) Fed® P ro c . 32 , p 509.
Yarbrough, L® & H urw itz, J .  ( l9 7 4 ) J* B io l. Chem. 249, 5394-5399.
Yarbrough, L. & Wu, C. (1974) J .  Biol® Chem. 2^9/ 4078-4085.
Y arus, M. (1969) Ann. Rev® Biochem. .38 , 84I - 88I .  .
Yoshino, H®, M orita , F. & Yagi, K, (l9 7 2 ) J® Biochem, %2, 1227-1235*
Yura, T ., I g a r a s h i ,  K. & M asuitata, K® (l9 7 0 ) in  " L e p e tit  Go l io g ® on RNA 
poljm ierase and T ra n sc r ip tio n "  ( S i l v e s t r i ,  L ,, e d . ) ,  pp 71-89,
North H olland P u b l. C®, Amsterdam,
Z ain , B .S ., Weissman, S.M®, Dhar, R. & Pan, J .  (l972{.) N ucleic  Acid Res,
h  577-594.
180
Z i l l i g ,  W® & iïo lz e l , H. (1958) Hoppe-SeylerJs Z» P h y s io l , Ghem» 312, 
140-143°
Z i l l i g ,  W, Z echel, K® & Halbwachs, H® (l9 ? 0 a ) H oppe»Seyler‘s Z Physiol® 
Ghem, ■ 351, 221-“224=
Z i l l i g ,  W® Z echel, K ,, feb u ssay , D ,, Schachner, M», S e th i ,  V .S ., Pabn, P . ,  
H e il, A® & S e i f e r t ,  W* ( 1970b) G .S.H .S.Q .B . 47-58 .
Z i l l i g ,  W®, F u j ik l ,  H. & Reinlm rd, M. (l9 7 4 ) Jo Of Biochem» 22s 7-8°
181
